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Nano-machining has been extensively applied in most of the optical and 
semiconductor industries. Indeed, the machine tool accuracy has become a key factor 
in obtaining the high quality and high performance parts. In this context, a Fine Tool 
Servo (FTS) system, particularly made for diamond turning has been comprehensively 
studied and developed. Two types of FTS systems have been developed for a 
miniature ultra-precision lathe in this study; ordinary- and hybrid-FTS system.  
The ordinary FTS is used to increase the accuracy of the machined parts by on-line 
compensating the waviness error of the translational slide during diamond turning. No 
additional post-machining processes are needed, and the FTS is virtually high in 
repeatability, accuracy, and productivity. The experimental results demonstrated that 
the FTS system can effectively compensate the straightness and waviness errors from 
the X-axis translational slide.  
The later system is mainly used to machine the micro-features and non-
axisymmetrical surfaces by controlling the tool tip in the function of the translational 
feed rate (f) and the spindle revolution (s). The system is named as Hybrid FTS 
system. It is because the hybrid FTS system employs two different position sensors by 
implementing the dual-sensor feedback control system. The system has been 
introduced with the purpose of compensating the waviness error and machining the 
micro-features surfaces simultaneously. The performance of the hybrid FTS system 
has been proven and the results illustrated the surface quality of the machined 
components is much better than conventional FTS system. As a conclusion, a new 
  ix
integrated technique of hybrid FTS system and miniature ultra-precision lathe has 
been presented in this study. The effectiveness of machining the micro-features and 
non-axisymmetrical surfaces has been proven by machining different types of 
surfaces. On the other hand, the radial cutting force that has been specially designed 
for the hybrid FTS system, also showed the flexibility of effectively analyzing the 
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Nano/Micro-machining, a machining process in nano/micrometric scale, has been 
extensively applied in optical, semiconductor, information technology, biotechnology 
and medical industries. One of the most effective nano/micro-machining techniques is 
diamond turning, which makes use of a poly-crystal or mono-crystal diamond tool to 
produce the sub-nanometer finishing surface [1]. By using a high stiffness ultra-
precision lathe, in conjunction with a sharp diamond tool, the parts with sub-
micrometer accuracy and nanometer surface finish can be easily machined without a 
post-machining process such as grinding or polishing [2]. In this context, diamond 
turning has become a popular technique for machining ultra-precision parts with 
micro-features and non-axisymmetrical surfaces. When considering the high quality 
and high performance of such surfaces, the machine tool accuracy is a key factor in 
this case. In general, such accuracy is mainly influenced by the geometric behavior of 
the machine tool [3].  
Geometric behavior is fundamentally referred to both translational and rotational 
errors in a machine tool, which are caused by lack of straightness in slideways, 
nonsquareness of axes, angular errors, and static deflection [4]. In order to 
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compensate these errors, one of the approaches is to design an active tool which can 
accordingly move to the desired position during diamond turning. According to 
Kouno et al. [5], a tool servo with short and high resolution travel length is presented 
and mounted on the translational slide to compensate the machine tool geometric 
errors effectively.  
On the other hand, the tool servo that moves in nano-metric resolution with high 
rigidity can be used to machine the micro-features and non-axisymmetrical surfaces 
as suggested earlier by Dow et al. [6]. Thus, the active tool-holder or so called tool 
servo for diamond turning has been widely applied in nano-machining. Particularly, 
the tool servo is an auxiliary servo axis that is attached on the ultra-precision lathe to 
generate the non-axisymmetrical and micro-features surfaces [7]. Since mid-1980, the 
tool servo has been established and researchers started to make greater efforts to 
employ tool servo to compensate the machine geometric errors, and also to machine 
non-axisymmetrical and micro-features surfaces [6, 8-10]. The name “Fast Tool Servo 
(FTS)” was introduced by Patterson and Magrab [9]. Eventually, construction of the 
FTS could be conveyed to the fundamental design criteria such as high resolution, 
high bandwidth, and high rigidity of a fast and precise servo. Another major 
requirement is the synchronization in movement between the FTS, the translational 
axis and the spindle rotational speed, particularly for non-axisymmetrical surface 
machining. However, certain issues regarding the incorporations of the FTS for the 
error compensation on machine tool and micro-features machining are needed to be 
entirely understood. These will be discussed in Section 1.2 in order to find out the 
possible solutions.  
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1.2 Problem Statement 
In this research, a tool servo system will be developed and mounted on a miniature 
ultra-precision lathe which is a T-base configuration and two slide-ways machine 
tool. As similar to most of the machine tools, the translational slide of the miniature 
ultra-precision lathe is ball screw-actuated type. Accordingly, the straightness and 
waviness errors (geometric errors) of the translational slide have become the major 
issue when machining the small parts with certain accuracy is required. Therefore, it 
is believed that the basic concept of the tool servo for diamond turning can increase 
the product accuracy by actively measuring and correcting these errors during the 
machining process without changing the machine tool structural accuracy. Two 
typical techniques of measuring the errors were found in this application; capacitance 
gauge [6, 9, 11-19], and laser interferometer system [3-4, 10, 16, 20-21]. Although 
these techniques can provide high resolution and high repeatability measurement, the 
overall size and cost of the instruments have caused the installation problem in the 
miniature ultra-precision lathe. In fact, a small-size, cost-effective and high 
performance measurement device may solve the installation problem.  
In addition, the tool servo system is mainly used for machining micro-features and 
non-axisymmetrical surfaces. When machining such surfaces, the position 
measurement is done by measuring the deflection of the tool tip relative to the 
workpiece. This technique is commonly found in most of the FTS development 
researches [6, 9, 13-14, 22]. Such technique is mainly used for non-axisymmetrical 
machining, but no FTS with geometric error compensation simultaneously with non-
axisymmetrical machining is performed in the past. In order to achieve geometric 
error compensation and non-axisymmetrical machining in the FTS simultaneously, 
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one possible method is to utilize two position measurements together in the system. 
These position measurements will be implemented together with an appropriate 
control system for the FTS system. 
Since the FTS system is an auxiliary servo axis, it needs an interface to integrate in to 
the machine tools in order to synchronize the movement of the spindle speed and the 
X-axis (feed rate). Two studies have been reported on the integrated architecture of 
FTS and machine tool [10, 20]. However, integration of the FTS and the machine tool 
could involve external sensors such as spindle encoder, and additional controller 
which may cause longer in data transferring time and data loss. Hence, the integrated 
technique could be implemented by just utilizing a single motion controller to the FTS 
system and the machine tool. 
The FTS for diamond turning provides another research focus on machining force. In 
general, the research of machining force analysis is common in conventional tool-
based machining processes. However, it is still not well established in nano-
machining processes especially in the implementation of FTS system. Only two 
studies are published about the force measurement instrument for tool servo system 
[23-24]. By implementing force measurement in the FTS system, the design of the 
flexure mechanism may become difficult and the overall performance of the FTS may 
also be affected. Hence, further research is needed to solve the problems that are 
associated with the position measuring system, control system, machine tool 
integrated system, and force measurement system in the tool servo system.  
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1.3 Research Objectives 
The overall aim of this research is to develop an innovative piezoelectric-based tool 
servo system for diamond turning in order to resolve the existing problems (as stated 
in Section 1.2) of the machine tool and the fast tool servo; and also to enhance the 
cutting performance for nano-machining applications. In order to differentiate it from 
the existing fast tool servos, the developed tool servo will be considered as a fine-
position tool servo or called “Fine Tool Servo (FTS)” system. The FTS system is 
targeted to achieve high resolution, high accuracy and repeatability, and subsequently 
a sufficient bandwidth and stiffness for compensating the machine tool error. A 
combination of the machine geometric error compensation and the micro-features and 
non-axisymmetrical surface machining system, or called “Hybrid Fine Tool Servo 
(Hybrid FTS)” will also to be attempted in this study. Thus, the aims of this study are 
as follows: 
i. Development of a machine geometric error compensation system 
To design a notch-type hinges flexure structure for the piezoelectric actuator 
of the FTS. It will be used to on-line compensate the waviness error of the 
machine translational slide. With the purpose of measuring the entire 
translational slide error, a small-size and cost effective optical sensor will be 
used and the performance will be evaluated.  
ii. Development of a hybrid FTS system 
To design the hybrid FTS with the ability of waviness error compensation and 
micro-feature surface machining. The new notch-type hinges flexure 
mechanism of the piezoelectric actuator is specially designed with the 
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capability for installing a miniature force transducer in the FTS. Theoretically, 
the cutting force is the result of radial cutting force and tangential cutting 
force, but radial cutting force is the most crucial force in the FTS. Hence, 
measurement of tangential cutting force will not be considered in this study. 
iii. Development of a dual-sensor system (Hybrid system) 
To implement a PI closed-loop control system and also to design a dual-sensor 
control algorithm for the hybrid FTS. Two different sensors are implemented; 
an optical sensor for translational slide error, and a capacitance sensor for 
deflection of tool relative to workpiece. What we are mainly concerned with 
here is the tracking trajectory of the tool tip relative to workpiece during error 
compensation and micro-features machining process.  
iv. Integration of hybrid FTS and a machine tool 
Both hybrid FTS system and a machine tool, which is a miniature ultra-
precision lathe, will be integrated in a single motion controller. Integration 
control architecture will be developed and evaluated in order to achieve the 
synchronization in the hybrid FTS trajectory, and the machine tool movement. 
Theoretical and experimental aspects of the techniques will be employed to 
evaluate the functional characteristics. 
v. Surface characterization for micro-features 
Surface characterization of machine micro-features will be carried out to 
analyze the relationship between the hybrid FTS tracking performance, radial 
cutting force, and machined surface quality of different types of micro-feature 
 Chapter 1  Introduction 
 
 7
surface. Data such as machining condition parameters and surface quality will 
also be discussed in detail in this study. 
The proposed FTS system is attached on the T-based miniature ultra-precision lathe. 
In this study, the FTS system can be categorized into ordinary- and hybrid-type. The 
ordinary FTS is intended to compensate the waviness error of the translational slide of 
the machine tool; the hybrid FTS is aimed to compensate the waviness error as well as 
perform nano-metric and non-axisymmetrical surfaces machining. By employing a 
hybrid control system with two position feedbacks, the developed hybrid FTS system 
offers more functions than the FTS system available in the literature. Such system 
could have considerable major contribution to machine tool development for a large 
high precision workpiece.  
On the other hand, the hybrid FTS system should increase the workpiece accuracy of 
various materials with non-axisymmetrical surfaces and also enhance the 
measurement performance of the machining force during nano-machining process. 
This study did not attempt to fabricate and investigate all types of micro-features and 
non-axisymmetrical surfaces; only sinusoidal wave-, square wave-, and sawtooth 
wave-surface with micrometer depth of cut are examined. A non-axisymmetrical 
surface such as square surface is also considered in this study. Results of the 
integrated system investigation for machining micro-feature surfaces may show the 
ability to machine high precision parts, and it may also contribute to further 
investigation on the optics fabrication in different materials.  
Indeed, it is essential to find out the existing position error in machine tool and 
compensation techniques in order to develop the FTS. Consequently, the following 
chapter will discuss the details of position errors compensation approaches and the 
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elements of the piezoelectric actuator-based FTS system in order to provide an overall 
picture of the FTS development.  
1.4 Thesis Organization 
This thesis is organized in seven chapters. Chapter 1 provides an introduction of the 
research in Fast Tool Servo system for nano-machining applications. Chapter 2 
reviews the state-of-the-arts of errors compensation approaches and also concentrates 
on the existing developed piezoelectric actuator-based Fast Tool Servo system. 
Chapter 3 presents an overview of the miniature ultra-precision lathe and identifies 
the machine geometric error of the machine tool. Consequently, an attempt is made 
for an on-line compensation of the identified error by using a servo system on the 
machine tool. 
Chapter 4 presents a new design of tool servo system with a name “Fine Tool Servo 
(FTS)” given to it. The design of the flexure mechanism with the piezoelectric 
actuator is described in detail. The utilization of a Position Sensitivity Detector (DSP) 
as a global position sensor and the implementation of an analogue PI controller are 
introduced. The proposed FTS system is empirically tested in term of mechanical 
characteristics, and waviness error compensation performances.  
Chapter 5 presents an advanced design of FTS system with a name “Hybrid Fine Tool 
Servo” given to it. The new design of flexure mechanism comprising the piezoelectric 
actuator and the force transducer is described. The control system which consists of 
two different position sensors, capacitance sensor and PSD, is presented. The 
capacitance sensor is a feedback signal to the system while the PSD is a secondary 
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reference to the system. The proposed hybrid FTS system is empirically tested in term 
of mechanical characteristics, and micro-features machining performances. 
Chapter 6 describes the new interface technique for the hybrid FTS system. Micro-
feature and non-axisymmetrical surfaces are machined by the developed hybrid FTS 
system, and are verified by comparing the generated signal and the machined surface 
profile. Analysis of the radial cutting force for machining the micro-features surfaces 
is also presented.  
Chapter 7 provides the overall conclusion of this research and future research that 
could be extended from this research. 
 




In order to provide an overall understanding for the FTS system, it is essential to start 
from the context of slide geometric errors. Subsequently, this chapter discusses the 
state-of-the-arts of errors compensation approaches. This chapter also concentrates on 
the existing developed piezoelectric actuator-based FTS system in term of errors 
measuring methods, force measurement technique, and integration of machine tool 
and tool servo. 
2.1 Slide Geometric Errors 
Typically, slides are designed to have a single translational degree of freedom along 
X-, Y-, and Z-axis of a machine tool, respectively. In most of the cases, more degrees 
of freedom could be found in the slides, which are often referred to as geometric 
errors. These errors are relatively small and preferable to be eliminated in most of the 
ultra-precision machine tools. In the case of ball screw-actuated slide, lead errors of 
the ball screw, irregularity in its geometry, and failure of the nut may cause the slide 
errors. In short, the straightness errors are mainly contributing to the slide geometric 
error. The straightness error is the deviation from true straight-line motion which 
primarily dependent on the overall geometry of the machine and applied loads [25]. 
However, as the error is relatively small and it is normally difficult to determine it. 
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Elimination of this error can provide a significant improvement in term of the 
accuracy and surface integrity for diamond turning. Since the straightness error is 
categorized as parametric error (measurable source), the error can be often assessed 
by position sensor accurately. Improving accuracy of the system can be normally 
done by error compensation technology.  
2.2 Errors Compensation Approaches 
Basically, the controller of machine tool cannot intelligently detect the machine 
errors. In order to compensate these inherent systematic errors, one of the methods is 
to model the errors that are needed to predict the resultant error and to be 
compensated them in the servo loop. Otherwise, the errors can be directly measured 
and compensated by an auxiliary device. Over the years, two different approaches of 
errors compensation have been introduced by the researchers: model-based 
compensation, and real-time auxiliary compensation.  
2.2.1 Model-based Compensation Approach 
Model-based compensation approach has been extensively implemented in most of 
the machine tools. Many researchers proposed various kinds of model or algorithm to 
seek the effectiveness of error compensation on machine tool. In the beginning, 
modeling of geometric error was based on the rigid body kinematics as proposed by 
Ferreira et al. [26]. The proposed model required the group method of data handling 
which enable the elimination of the geometric error. However, it is an expensive and 
time consuming method and is not feasible for high production use. In addition, 
Donmez et al. [27] suggested a general method for compensating the machine 
systematic errors by decomposing the errors of the individual machine elements into 
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geometric and thermally-induced components. This method is relatively easier to be 
implemented for real-time compensation. This is same as the compensation model 
proposed by Kurtoglu [28]. However, the study only provided a general procedure of 
accuracy improvement of a machine tool; however, no experimental result is provided 
to show the effectiveness of the model. 
Mou [29] proposed the computer-aided error modeling approach which is a robust 
search algorithm to model the relative motion between the tool and the workpiece. 
Rigid body kinematics-based error model was used to model such error. The results 
have shown that the algorithm has successfully estimated the machine tool error 
accurately.  
Yuan et al. [30-31] developed a real-time error compensation method that considers 
machine geometric and thermal errors by using error synthetic model. The inverse 
kinematics approach was used to estimate the errors and less determination time was 
found.  
Fines and Agah [21] have introduced artificial neural network method for 
compensating the errors of machine tool. The lead-screw error from a conventional 
lathe had been measured and trained by using the proposed model. Results showed 
that the designed model has successfully corrected for the majority errors on machine. 
Kono et al. [32] proposed a straightness error model while the measured errors are 
analyzed by using the Fourier series before transmit to compensation algorithm. The 
results showed that the error of displacement was effectively reduced after 
implementing the compensation algorithm. This method is relatively time consuming, 
and subsequently, the optical instrument that implemented could not accurately reflect 
the actual surface profile. In summary, it cannot be denied that the model-based 
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compensation approach is able to correct the machine tool errors, but it is a highly-
dependent approach as the data processing system and the motion control of the 
machine tool may become the major factors.  
2.2.2 Real-time Auxiliary Compensation Approach 
Real-time auxiliary compensation is referred to the error compensation that utilizes an 
additional axis to correct the error in the main axes of the machine tool. This approach 
has become more and more popular since mid-1980, when Kouno [5] started to 
introduced the idea of a piezoelectric actuator-based micro-positioner using on-line 
correction of the systematic machine error. However, no compensation result has been 
shown in the study. As mentioned in the previous chapter, the Fast Tool Servo (FTS) 
system started to be introduced and mainly applied in error compensation purpose 
subsequently [9]. Several researchers have focused on developing the FTS system to 
compensate the machine tool errors in static, quasi-static and dynamic errors.  
For quasi-static and dynamic error, Fawcett [33] employed a FTS for in-process error 
compensation in order to prevent the inherent vibration in precision turning. This 
method is generally referred as the local error compensation where the vibration is 
executed between the tool and the workpiece interface during machining. Although 
the results indicated that the waviness was successfully compensated, the machine 
tool error in term of static and quasi-static is not considered. In addition, Kim and 
Kim [34] proposed the same concept by compensating the waviness that is found on 
the machined surface with the developed micro cutting device. The error was 
determined from the machined surface, and subsequently, set as the compensation 
reference for the micro cutting device.  
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For straightness error and yaw error of X- and Z-axis in the machine tool, Miller et al. 
[10] proposed the measurement technique and the compensation technique by using a 
FTS. Basically, the errors were compensated based on the measured values by using 
laser interferometer that stored and sent to the FTS controller. Thus, high accuracy 
measurement technique is required when measuring the error. Several techniques can 
be found from the literature. One of the most common methods is employing a 
straightedge as reference of the slide and a capacitance probe is used to measure the 
varying displacement [19]. Simultaneously, the error was directly fedback to the FTS 
closed-loop system for compensating on-line. Similarly, Gao et al. [12] have 
employed two straightedges as reference of the slide and two capacitance probes as 
error measurement sensors. In order to accurately determine the slide straightness 
error, a reversal method had been introduced by averaging the measured data from 
two directions. In this study, the FTS system was employed to compensate this error. 
However, this method is subjected to the straightedge and capacitance probes 
installation problem provided a miniaturized machine tool is used. 
Pahk et al. [20] introduced a dual servo loop by employing a fine motion device (fine 
stage) for compensating the error of the slide (coarse stage) online. It is more 
appropriate to claim that the fine motion device was mainly used to move in 
micrometer displacement in order to increase the accuracy of the coarse stage. The 
high resolution laser interferometer was employed to measure the straightness error of 
the slide and feedback to the system for compensating the error. However, the large 
size and expensive cost of laser interferometer may become an issue in implementing 
the FTS compensation. Overall, in fact, the FTS system is more welcomed to be 
employed as the error compensation technique. 
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2.3 Piezoelectric actuator-based FTS System 
Among all, there are different types of FTS system found in the literature, 
piezoelectric actuator has become the most popular actuator. Due to its high stiffness 
and high achievable bandwidth and acceleration, the piezoelectric actuator-based FTS 
has been successfully used for different applications over the years, such as active 
vibration generation, machine error compensation, non-axisymmetrical machining, 
and surface integrity improvement.  
In mid-1980, Kuono [35] constructed a piezoelectric actuator-based device with 6.5 
µm stroke, 10 nm resolution, 50 Hz bandwidth and 300N/µm stiffness. In addition, 
Patterson and Magrab [9], whose reported that a cylindrical piezoelectric stack (12.7 
mm length, 6.3 mm diameter, 1.27 µm stroke) was employed in the development of 
FTS as shown in Figure 1. Dynamic test results showed that the bandwidth of the 
proposed FTS can achieve 100 Hz. Both FTSs were designed in cylindrical shape and 
supported by two parallel diaphragms flexure. However, no machining result is 




Figure 1: Cross section of the fast tool servo by Patterson and Magrab [9] 
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In 1990, Okazaki [13] proposed a piezo tool servo by employing a stacked ring 
piezoelectric actuator (25 mm OD, 14 mm ID and 19 mm long, 15 µm stroke). The 
piezoelectric actuator was fixed inside a steel block with N-shaped slit from its slide 
(Figure 2). The effective stroke of the FTS had reduced to 7 µm because of the 
stiffness of the flexure. At the same time, the development of FTS also proposed by 
Hara et al. [14]. The developed micro-cutting device consists of a pre-load with an 
axial force by using the bolt and also an additional piezoelectric actuator was used to 
measure the initial contact between the tool tip and the workpiece. This study is 
mainly focused on the investigation of initial contact point and no machining result is 
reported. 
Gao et al. [17] proposed a FTS with a ring piezoelectric stack and a capacitance 
sensor by using a simple notch hinge flexure. The FTS can achieve a bandwidth of 2.5 
kHz and a tool displacement of several nanometers. The proposed FTS is particularly 
designed for machining a sinusoidal angle grid surface with a wavelength of 100 µm 
and amplitude of 100 nm over a large surface. The result of tool nose compensation 
has shown improvement on the machined workpiece accuracy, but the thermal 
deformation may influence the overall accuracy of the surface encoder.  
North Carolina State University started the FTS research since 1988. Falter and Dow 
 
 
Figure 2: General view of piezo tool servo by Okazaki [13] 
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[36] have developed a FTS of 20 µm stroke and 2 kHz bandwidth. The heart of the 
servo was a hollow piezoelectric actuator (25 mm OD and 18 mm long) with 
resonance frequency of approximately 10 kHz. But at 1 kHz, the FTS has a maximum 
stroke of 5 µm and could not work continuously because of internal heat generated 
losses in the piezoelectric actuators. The proposed FTS has been applied in several 
investigations such as compensation of inherent vibration during cutting [33] and 
machining of non-symmetrical surfaces [6]. Besides, Cuttino et al. [15] reported a 
novel FTS by employing a long piezoelectric stack with 100 µm stroke and 100 Hz 
bandwidth. Generally, the long piezoelectric actuator has the severe hysterisis 
problem. This study has proposed that by adding a hysterisis module can successfully 
compensate the error by 43% for full-range travel and by 80% for a travel range of 70 
µm.  
In South Korea, Kim and Kim [34] developed a piezoelectric micro cutting device by 
employing a capacitance gap sensor to measure the displacement. The parallel spring 
principle with notch hinges was used. This study is mainly focused on the waviness 
compensation on machined surface which has been discussed in section 2.2.2. 
Followed by Kim and Nam [37] , and Kim and Kim [11], a FTS with a piezoelectric 
actuator (45 mm length, 18 mm OD) was developed. Same mechanism design which 
was employing the parallel spring principle was reported. The results indicated that 
the FTS can successfully machine flatness surface with 0.1 µm after implementing 
feedforward and PI controller.  
Altintas and Woronko [22, 38] developed a piezo based FTS with stroke of 36 µm, 
natural frequency of 3200 Hz and stiffness of 370 N/µm. The stiffness can be 
increased up to 620 N/µm by specially designed two additional piezo actuators to 
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clamp the tool in order to solve the vibration problem when machining hard materials. 
Zhu et al. [23] reported a detail discussion about the sliding mode controller for this 
FTS. The controller was used to compensate the static and dynamic deformation 
caused by the cutting force disturbances, variations on cutting conditions and 
piezoelectric hysteresis in FTS. However, the effect of CNC radial axis backlash and 
friction were eliminated in this case.  
In addition, the FTS development in China has began since 2005 when Ma et al. [39] 
reported a new FTS system which is comprised of two piezoelectric actuators. A new 
flexure hinge mechanism was utilized for amplifying the FTS displacement. While 
Zhang et al. [40] developed a FTS with two parallel four-link mechanism and with the 
effective stroke of 30 µm. The controller method that implemented is similar as 
proposed by Woronko et al. [22], which is a sliding mode controller in order to 
maintained the tool tip at desired position.  
The latest development of FTS is an open-loop system with nanometer accuracy by 
Brinksmeier et al. from Germany [41]. A custom-made piezoelectric actuator (500 nm 
stroke, 5 kHz frequency) has been used and the result showed no hysterisis effect. The 
proposed FTS can move in nanometric displacement and is able to fabricate the non-
axisymmetrical very high quality surfaces. 
There are some commercialized piezoelectric actuator-based FTS systems in the 
market now. A German institute, Fraunhofer IPT [42] proposed a FTS with a 
bandwidth of 1.5 kHz and an effective stroke of 35 µm. The institute emphasized the 
synchronization in the machine tool and the FTS movement in order to machine the 
non-axisymmetrical surfaces effectively. Nanowave Corporation [43], a Japanese 
company, has commercialized a FTS (Nanowave FTS4) with 20 µm stroke, 1.6 kHz 
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response bandwidth and 2 nm displacement resolution (Figure 3). This FTS is an 
independent module included a servo unit and a piezo driver. In United States, Kinetic 
Ceramics Inc. [44] has introduced three different strokes of the commercialized FTS 
(KC FTS-400, FTS-500, and FTS-600). The displacement amplification ratio of 12:1 
was obtained with a Tee lever. A pair of piezoelectric stack against the horizontal part 
of the Tee lever provides push and pull motions. The benefits of the commercialized 
FTS are non requirement of active cooling and easy system integration in the existing 
machine tool. 
The piezoelectric actuator has been widely used for FTS development in both research 
and industry. Generally, the mechanical design, the position sensing, and the control 
algorithm need to be varied in order to compromise with the applications of FTS 
system. In that case, the sensing methods or errors measuring methods of the FTS 
system are reviewed in the following section.  
2.3.1 Error Measurement Methods 
Based on different applications of the FTS system, the errors measuring methods can 
be categorized in local position measurement, and global position measurement. 
 
 
Figure 3: Commercialized FTS from Nanowave FTS4 [43] 
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These measurements are certainly essential to accurately measure the position and 
feedback to the control algorithm of the FTS system in order to control the tool tip in 
a desired position.  
2.3.1.1 Local Position Measurement 
Primarily, local position measurement of a FTS is applied in non-axisymmetrical and 
micro-features surfaces machining. Secondarily, it is used to compensate the machine 
tool errors such as straightness error, and waviness error. These errors are stored and 
generated to become a reference signal for the FTS system. In local position 
measurement, a non-contact sensor is directly installed and aligned with the cutting 
tool in FTS structure. The measurement is done by measuring the deflection of the 
tool against the workpiece during turning process. There are several types of non-
contact sensors found in the literature. One of them is the Linear Variable Differential 
Transformer (LVDT) which is proposed by Kouno [5]. Although the LVDT can 
achieve high resolution and good thermal stability, the size has become an issue in 
designing the FTS structure.  
High resolution strain gauge, which is small in size and flexible in structure, can be 
found in several studies [45-47]. For the design of FTS system, the strain gauge was 
directly installed on the piezoelectric actuator in order to measure the micrometer 
displacement of the actuator. However, this method does not consider the stiffness of 
the flexure structure and the dynamic deformation during machining process.  
Another non-contact measurement is by employing the laser displacement sensor. 
Two studies reported that the laser displacement sensor was aligned with the tool 
holder in order to measure the position of the cutting tool relative to the lathe [23, 39]. 
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Besides, one study reported that an eddy current type gap sensor has been employed 
in the micro cutting device [34].  
Numerous researchers have employed the high resolution capacitance gauge in the 
FTS. Figure 4 showed that the capacitance gauge is placed by facing the back end of 
the shank and the displacement between the tool and the workpiece can be directly 
measured [9, 13-14]. However, this design has later been modified in order to 
eliminate the misalignment of sensor to the tool tip. Cuttino et al. [15] employed a 
custom-designed right-angle capacitance probe in the FTS. The custom shape 
facilitates the placement of capacitance gauge directly behind the tool and minimizing 
the measurement error which also can be found in [6, 11, 17]. In most cases, the 
structure designs of the FTS are long in length due to the size constraint of 
capacitance gauge. Therefore, the sizes of the FTS and the machine tool have become 
the main concern when selecting the position sensor for local measurement.  
2.3.1.2 Global Position Measurement 
Global position measurement in FTS utilizes a non-contact technique such as 
capacitance type and optical type to measure the entire position of workpiece along 
 
 
Figure 4: Local displacement measurement by using capacitance probe 
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the translational slide. This technique is able to provide the information of 
straightness error of the translational slide during turning process. Global position 
measurement can be commonly found in the application of machine tool errors 
measurement.  
For the capacitance type measurement, a straightedge as reference of the slide is 
needed to be operated together with the capacitance probe in order to measure the out 
of straightness of the slide (Figure 5). As reported by [12, 19], the measured 
straightness error was directly compensated by the FTS system. In other case, several 
capacitance probes have been used to measured multiple errors along a axis of a 
miniature machine tool [18]. However, this method is comparatively expensive and 
complicated.  
On the other hand, some of the researchers have utilized the laser interferometer to 
 
 
Figure 5: Arrangement of capacitance probe for straightness error measurement 
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measure the accuracy of the machine slide. Laser interferometer with high resolution 
and high repeatability is a popular technique in global position measurement [27]. 
Figure 6 shows the arrangement of laser interferometer on a T-base lathe. Weck et al. 
[3] proposed the arrangements of the laser interferometer on cross-slide lathe and T-
base lathe for measuring the horizontal straightness. In addition, Donaldson and 
Thompson [16] reported that a laser interferometer was arranged on a small lathe to 
measure the entire coordinate of X- and Z-axis. The interferometer beam paths were 
covered by shroud in order to minimize the influence from ambient air.  
Pahk et al [20] reported that a laser interferometer with 10 kHz rate is placed parallel 
to the translational stage. It is used to measure the position error of global stage 
movement within 10 µm and the micro stage movement within 10 nm. Miller et al. 
[10] proposed a straightness errors measurement of X-axis by employing the laser 
interferometer in the FTS system. However, few researches have devoted effort in 
implementing the laser interferometer system in FTS because of the bulky size and 
 
 
Figure 6: Arrangement of laser interferometer for straightness error measurement 
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expensive cost. Hence, a small and cost-effective sensor, Position Sensitivity Detector 
(PSD) with laser light source has the great potential to replace the laser 
interferometer. Recently, this high-precision PSD is becoming popular in the 
application of optical measurement especially in the straightness error measurement 
of the machine slide as found in two studies [48-49]. 
2.3.2 Nano-machining Force Measurement 
Analyzing the machining force in nano-machining is one of the approaches to 
understand the machining phenomenon directly. In order to find the force 
measurement method in nano-machining, the instrumentation design of force 
measurement in FTS is discussed. 
The current force measurement techniques can be categorized into two methods. First 
technique is to directly attach a dynamometer on the cutting tool holder; which is 
simple but quantitative. Second technique is to install the force transducers inside the 
tool holder; which is qualitative but complicated. Two related studies have discussed 
about the implementation of force measurement in the FTS system. Zhu et al [23] 
proposed a standard dynamometer which is attached onto the developed FTS in order 
to measure the cutting force in three directions, X-, y-, and Z-axis during turning 
process. This technique is found to be feasible for conventional turning or macro 
machining process, but not for nano-machining process.  
The other study has reported the procedure of implemented the force sensors into the 
measurement system that is presented by Gao et al [50]. They have developed a 
nanocut instrument by integrating the two high resolution force transducers inside the 
flexure structure as shown in Figure 7. The instrument is able to measure the cutting 
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force and thrust force during nano indentation efficiently. However, the results 
showed only static cutting performance. If a dynamic cutting such as nano-turning is 
performed, the cutting tool needs to be actuated by the piezoelectric actuator instead 
of workpiece in the measurement instrument. Same design concept of the force 
transducer has been found in [51], which is not widely established. The force 
transducer was directly installed and aligned with tool holder in the FTS.  
In general, it is clear that understanding machining forces can reflect the actual 
machining phenomenon especially in nano-machining directly. Thus, a high 
resolution force transducer with a high stiffness tool servo structure need to be 
developed in order to measure the machining force in micro-Newton. 
2.3.3 Machine Tool and Tool Servo Integration 
The FTS is generally an independent device. When considering non-axisymmetrical 
parts, the axial dimension (z) is in a function of radial and angular dimensions. 
Therefore, the FTS needs to be integrated into the machine tool in order to achieve the 




Figure 7: Photograph of the nano-machining instrument by Gao et al [50] 
 
 
 Chapter 2  Literature Review 
 26
the FTS systems that discussed in Section 2.3 proposed the FTS integrated with the 
machine tool axes method for accurately machining the non-axisymmetrical and 
micro-features surfaces. There are two types of the FTS and the machine axes 
synchronization methods: angular-radial (θ-r) dependency approach and angular (θ) 
dependency approach. The most common approach is the angular-radial dependency 
which is triggering the angular motion of the spindle through a rotary encoder.  
Miller et al. [10] reported that the FTS controller intercept the instantaneous slide 
position through a laser interferometer input interface as well as the spindle encoder 
signal. The system communicates these data to the slide axes controller through a 
position feedback interface. It implemented two high performance digital signal 
processing (DSP) controllers for the translational slide axis and the FTS respectively 
into a completely closed-loop system. The authors provided the control architecture 
and showed the efficiency of machining aspheric surfaces by using the FTS 
integration system. However, utilizing two controllers may become complicated in 
data transferring time and may cause data lost problem.  
Dow et al. [6] proposed the integration of two controller in a parallel processing 
architecture, called Heterogeneous, Hierarchical Architecture for Real-Time (H2ART) 
for fast control of FTS position. In order to control the FTS in the function of angular 
position and X-position, the signals can be obtained from a spindle encoder as well as 
a laser interferometer, respectively. In addition, add-on DSP controller with encoder 
and capacitance gauge feedback for the FTS position. It was known that tool centering 
error, X slide following error and spindle speed error may affect the machined surface 
when implementing angular dependency approach. Hence, angular-radial dependency 
approach is comparatively effective for non-axisymmetrical machining. Similar 
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argument also found in [52], the FTS adds the non-axisymmetrical component in 
function of angular location as well as radius. No explanation of integration 
architecture is reported.  
Roblee [53] from Precitech Inc. reported a DSP is possible to generate command in 
real-time at 30 kHz rates from highly interpolated, sparse data sets in 3D, or directly 
from mathematical function. Therefore, generate the Z command (FTS position) is not 
feasible with tightly synchronized with the position of the X- and C-axis.  
For the angular dependency approach, Gao et al. [17, 54] utilized the function of 
direct memory access to transfer the data from memory to FTS in high speed. When 
non-axisymmetrical machining is started, the data in the RAM are output to the 
controller one by one through 16-bit D/A converter responding to the trigger signal 
from the rotary encoder. Thus, the tool tip can move in fast and accurate by 
implementing the FTS. Another same approach also reported in [8], which the study 
reported that only angular position from spindle is fedback to the FTS controller when 
machining the non-circular bar.  
Other than non-axisymmetrical machining, development of dual stage, a combined 
system of global stage (coarse stage) and micro stage (FTS) is also essential for 
implementing the integration between machine tool and FTS. These two studies [20, 
46] have reported the high precision positioning capability when implementing dual 
servo loop algorithm. Although no machining result is provided, the dual stage is an 
appropriate technique for increasing the machine tool accuracy.  
The study on integration of the FTS system and the machine tool is still not focused 
by researchers. By implementing the integrated system, the complication in data 
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transferring can be optimized and different surfaces from axisymmetrical to non-
axisymmetrical can be machined efficiently.  
2.4 Concluding Remarks 
Geometric errors such as straightness and waviness errors of a translational slide of a 
diamond turning machine directly influence the surface quality. Therefore, it is 
essential to find an appropriate method for correcting the errors in order to improve 
the accuracy and enhance the performance of the machine tool. In the literature, two 
different approaches of geometric errors compensation were found; model-based 
compensation, and real-time auxiliary compensation. As a conclusion, the latter 
approach which is well-known as its implementation of the Fast Tool Servo (FTS) 
system is considerably more capable in compensating the machine tool errors on-line. 
At the same time, the FTS system may also be employed in the fabrication of micro-
features and non-axisymmetrical surfaces, but the diamond turning process may 
become complicated. From the literature review, the following conclusions have been 
drawn: 
i. Overall, the piezoelectric actuator-based FTS has been successfully used for 
different applications. For instance, it is normally used for active vibration 
generation, machine error compensation, non-axisymmetrical machining, and 
surface integrity improvement. However, it is essential to consider the state-of-
the-arts of piezoelectric actuator-based FTS especially in measuring errors 
methods, nano-machining force measurement, and integration technique of 
machine tool and FTS. 
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ii. For error measurement methods, two typical methods have been categorized for 
FTS implementation; local position measurement, and global position 
measurement. Local position measurement is mainly used for micro-features 
and non-axisymmetrical machining, while global position measurement is 
especially used for error compensating. Since a miniaturized machine tool will 
be used for installing the tool servo, a small-size, cost-effective and high 
performance measuring device may solve the installation problem. Based on 
this context, capacitance gauge is the most welcomed position sensor in 
measuring the local position and will be employed in this research. A small and 
cost-effective sensor, a Position Sensitivity Detector (PSD) with laser light 
source for global measurement, will be employed to replace the laser 
interferometer.  
iii. In most of the cases, it is difficult to find the implementation of two position 
measuring techniques in a FTS system. For instance, geometric error 
compensation and non-axisymmetrical machining simultaneously in the FTS 
system by utilizing two types of position measurements together. With the 
utilizations of these position measurements, it is essential to implement with an 
appropriate control system for the FTS system. 
iv. Analyzing the machining force in nano-machining can help in understanding the 
machining phenomenon directly. Two methods were found; first, directly attach 
a dynamometer on the cutting tool holder, and second, install the force 
transducers inside the tool holder. The latter method is capable in measuring the 
machining force for the FTS system due to it miniaturized design, high 
resolution and high sensitivity. However, the overall design of the flexure 
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mechanism will be further considered when installing the force transducer in the 
tool servo system. Besides, the determination of the machining force is also a 
major consideration in the development of force measurement instrumentation. 
v. When machining non-axisymmetrical surfaces, integration of the FTS and the 
machine tool could involve external sensors and additional controller in order to 
synchronize the FTS and the machine tool motions. From the literature, most of 
the researchers utilized two controllers. However, this method may become 
complicated in data transfer time and may cause data loss problem. An 
integrated technique will be done by utilizing only a single motion controller for 
the FTS system in this research.  
In order to solve the existing problems that are associated with the position 
measurement system, control system, machine tool integrated system, and force 
measurement system in the tool servo system, this research will attempt to develop an 
innovative piezoelectric actuator-based tool servo system for diamond turning. A tool 
servo system called “Fine Tool Servo (FTS)” will be developed to on-line compensate 
the waviness error of the machine translational slide. While a “Hybrid Fine Tool 
Servo (Hybrid FTS)”, a combination of the machine geometric error compensation 
and the micro-feature and non-axisymmetrical surface machining system, will also be 
developed. The following chapters will discuss the details of the development of the 
FTS systems (ordinary- and hybrid-FTS) and the related investigations. 
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CHAPTER 3 
MACHINE TOOL POSITION ERRORS 
3.1 Miniature Ultra-Precision Lathe 
The proposed FTS system of this study has been implemented on a miniature ultra-
precision lathe shown in Figure 8. Basic setup of the miniature ultra-precision lathe 
consists of a mechanical main body, drivers and control system for the axes, a tool 
post, and a host computer. For the mechanical main body, it has a T-base 
configuration with two slide-ways (X- and Z-axis). An air-bearing spindle carried on 
the Z-axis table, while the tool post is supported and carried on the X-axis slide 
 
 
Figure 8: Miniature ultra-precision lathe 
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(Figure 9). A 60 kg granite base is used to reduce the machine vibration during 
machining. In addition, the base of the granite rests on four passive dampers to reduce 
the transmission of vibration through the ground.  
The X- and Z-axis translational slides are driven by the AC servo motors (Yaskawa 
SGMAX-A3A761) with gear of 1/33 and with the rotational speed of range 0 to 5000 
rpm. The position of X- and Z-axis slides is measured to a resolution of 5 nm by using 
the linear scales (Mercury M3500-M10-4096-1-L55-C1). The drive motions are 
converted to the linear motion by using the ball screw (KSS FKB0601A) with 1 mm 
pitch. Since the machine tool design is a miniature type, the overall travel range of X- 
and Z-axis is only 20 mm, respectively. New ideas of high precision sliding guide way 
with DLC coating is employed to achieve the smooth motion without friction. For the 
air bearing spindle (C-axis), a brushless DC motor (Canon SP-501HCL) is employed 
with rotational speed of 1000 rpm to 15000 rpm with the encoder resolution of 1024 
pulse/revolution. The motion control of the air bearing spindle is differed from the 
conventional air bearing spindle because it can be controlled to move in desired 
 
 
Figure 9: T-base Miniature Ultra-precision lathe 
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position accurately. The control configurations are done by an axis expansion board 
(Acc-24E2S) which included stepper interface and encoder circuitry for the motion 
controller. By using this control technique, it can help to eliminate the triggering of 
spindle speed when implementing the integration between FTS system and machine 
tool which will be discussed in Chapter 6. The air bearing spindle is mounted on the 
Z-axis slide by a special designed fixture and the workpiece is clamped by a collet on 
the air bearing spindle as shown in Figure 9.  
The developed miniature ultra-precision lathe is being controlled by a motion 
controller from Delta Tau, namely UMAC (Universal Motion and Automation 
Controller) Turbo or Turbo PMAC2. The UMAC Turbo is based on the Motorola 56k 
DSP processor. A single UMAC Turbo system can control up to eight axes (four 
servo motor and four stepper motors) and 24-digital I/O points with a great level of 
accuracy and simplicity of operation [55]. The UMAC Turbo system is configured to 
interface with virtually amplifiers, servo motors, and linear encoders by an axis 
expansion board (Acc-24E2A). The UMAC uses the high speed USB 
communications methods with the host computer. Generally, the tool motion is 
commanded by Pewin32 Pro, software to configure and interface with the machine 
tool axes and the UMAC. 
3.2 Machine Geometric Errors 
The errors and surface roughness of the machined parts are mainly influenced by 
cutting conditions, environmental conditions and machine tool characteristics. By 
considering the ultra-precision machine with temperature controlled, the accuracy of 
the surface is greatly affected by the geometric and kinematics behaviour of the 
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machine tool (Figure 10). Therefore, the geometric error of the miniature ultra-
precision lathe has been taken into consideration in this study. Since the machine is 
miniaturized, the position error is considerable very small. A laser interferometer was 
employed to measure the accuracy of the X-axis translational slide. The measurement 
was set to be 0.1 mm interval for 15 mm measured length. The X-axis translational 
slide was controlled to move in forward and backward manners when the 
measurement started. Figure 11 shows the data from the laser interferometer 
measurement. The results indicate the horizontal straightness error of the X-axis 
translational slide. The slide is tilted at an angle of 0.0125° with the out of accuracy of 
4.022 µm, while the waviness error with peak-to-valley of 1 µm is observed from the 
result. From the result, it also found that the peak-to-peak distance of the waviness 
error is about 1 mm in wavelength. It is believed to be caused by the mechanical error 
from the ball screw. Therefore, it is expected that this error will be reflected on the 




Figure 10: Geometric errors on machine tool 
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Ideally, the surface roughness of the workpiece that machined by diamond turning can 






where Rt is the peak-to-valley roughness, f is the feed per tooth, and r is the tool nose 
radius. Figure 12 demonstrates the simulated machined surface for an ideal surface 
during diamond turning. However, for most of the face turning processes, the Z-
direction is considerably sensitive. Therefore, positioning errors in Z-direction are 
most significant because they directly affect the depth of cut. Thus, it is clear that 
horizontal straightness errors of the X-axis translational slide create figure errors on a 
faced workpiece surface. To examine the influences of these errors on the workpiece 
surface, the geometrical errors of the X-axis translational slide in the cutting area is 
 
 
Figure 11: Straightness error and accuracy of X-axis translational slide from laser 
interferometer measurement 
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compared with the profile accuracy of a machined plane mirror. The governing 
equation can be derived as: 
eRR t +=  (2) 
where e is the form error of the measurement or the external disturbance. Figure 13 
shows the simulation results of a machined surface by taking into account the 
waviness error of the slide. It can be observed that the waviness error has become the 
major contribution to the surface roughness. Therefore, the error needs to be removed 
from the surface. By only considering the X-axis translational slide, the technique of 
error correction in Z-direction will receive the primary attention in the remaining 
chapter.  
 


























Figure 12: Simulated machined surface with error compensation on slide 























































Figure 13: Simulated machined surface with geometric error on machine tool for (a) 
Machined surface profile and (b) Tool passes 
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CHAPTER 4 
FINE TOOL SERVO SYSTEM 
The design of Fine Tool Servo (FTS) system for global position error is based on the 
miniature ultra-precision lathe which has been mentioned in Section 3.1. The main 
purpose of the FTS system is to on-line correct the straightness error and waviness 
error of the X-axis translational slide. In addition, it also used to compensate the 
machining error between the diamond tool and the workpiece.  
4.1 System Description 
The proposed FTS system is divided into three main parts: a main moving body 
including a tool holder and a Position Sensitivity Detector (PSD) with cover, a fixed 
body base, and a piezoelectric actuator as shown in Figure 14. The detail drawing of 
the FTS design can be obtained in Appendix A (Figure 104). The design of FTS is 
mainly focused on the actuator selection (piezoelectric actuator) and the design of 
flexure mechanism that supports the actuator. In addition, the use of the PSD as a 
global position measurement device is discussed in term of theoretical and 
experimental implementation. It is essential to understand the mechanical 
characteristics of the FTS system when a closed-loop control system is implemented. 
Mechanical characteristics for the FTS system are based on the fundamental of 
spring-mass-damper model. Thus, the spring constant (K), damping coefficient (D), 
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effective mass (M), and natural frequency (fn) of the FTS structure are needed to be 



























Figure 14: Overview design of the FTS for (a) cross-sectional view, and (b) 
photograph view 
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4.1.1 Design of Fine Tool Servo 
4.1.1.1 Specifications 
The first prototype of FTS was developed in the Advanced Manufacturing Laboratory 
was done by Ng [57]. This FTS is only focused on the flexure design, structure 
characteristics, and problems that are encountered for control strategy. This prototype 
shows the feasibility that the FTS system can be implemented by taking into the 
considerations of flexure, hysteresis and drift of piezoelectric actuator, and control 
system. By considering the miniature ultra-precision lathe used in this study, the 
requirements are the handy design of the FTS and universal design of the fixture.  
From the laser interferometer results as discussed in section 3.2, it can be observed 
that the straightness and waviness errors are found in X-axis translational slide of 
miniature ultra-precision lathe. In order to compensate the errors, the requirement on 
the effective stroke of FTS is aimed to be approximately 8 µm. Tracking performance 
of the FTS is targeted to be of fast response and high accuracy. Thus, the closed-loop 
system with PI (proportional-integral) controller is employed. In addition, position 
sensing device is becoming another main factor in accurately controlling the FTS 

















Figure 15: Mathematical model of coupling system of piezoelectric actuator 
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order to measure the global position error just like laser interferometer. The 
advantages of FTS for diamond turning are to eliminate post-machining processes 
such as grinding and polishing, increase the productivity, higher repeatability, and 
easy to setup.  
4.1.1.2 Actuator selection 
From the literature, it can be clearly understood that the piezoelectric actuator has 
good merits for driving the FTS due to its high resolution, high bandwidth and high 
stiffness. The piezoelectric actuator can be considered as the heart of the FTS and it 
was placed at the centre of the FTS structure which is aligned with the tool holder and 
the position sensor (Figure 14(a)). Theoretically, the piezoelectric actuator is a 
coupling system which is consisted of electrical and mechanical domain as described 
by Kim and Kim, and Ma et al. [34, 39]. The mathematical model of the piezoelectric 
actuator is shown in Figure 15. There are several equations of the relationship 






































=+=  (5) 
where Va is the actual input voltage, Vin is the nominal input voltage, Vext is the 
voltage generated by external load, Vs is the total voltage needed, d33 is piezoelectric 
charge constant, Rp is the output impedance of driving power, Cp is the capacitance of 
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piezoelectric actuator, and Fext is the external mechanical load. Based on the equation, 
the mechanical model of the piezoelectric actuator is a first-order system.  
A multilayer type piezoelectric actuator from NEC/Tokin (AE1010D16F) was 
selected for the FTS. The selection of the piezoelectric actuator was based on the 
shape and size, maximum displacement, as well as generated force. the selected 
piezoelectric actuator is small in size with an adequate generated force, which is ideal 
for the construction of FTS on the miniature ultra-precision lathe. The mechanical 
characteristics of the piezoelectric actuator is indicated in Table 1 [58]. Based on the 
current application, the DC voltage input from 0 V to 100 V was generated from the 
amplifier and input to the piezoelectric actuator to achieve the stroke from 0 µm to 
12.3 µm. A custom-designed high voltage amplifier had been built for the particular 
piezoelectric actuator. Primarily, it was found that during the test the current which is 
provided by an amplifier from Piezo Driver are not sufficient for the FTS application. 
The custom-built amplifier for the piezoelectric actuator is high in current and low in 
signal to noise ratio. The schematic circuit diagram and the photograph of the custom-
built amplifier are shown in Appendix B (Figure 105). From the experimental test, it 
can be found the effective operating range is limited from +10 V to +80 V.  
Table 1: Specifications of piezoelectric actuator 
 
Type Multilayer with resin-coated 
Size (mm) 10 × 10 × 40 
Displacement (µm) 12.3±3.5 /100VDC 
Generated force (N) 3500 
Capacitance (µF) 5.4 
Resonance frequency (kHz) 69 
Insulation resistance (MΩ) 5 
 
 Chapter 4  Fine Tool Servo System 
 43
4.1.1.3 Flexure mechanism design 
The translation of the piezoelectric actuator is guided by a flexure mechanism 
element. In micro-precision machinery, a flexure mechanism that with some flexure 
elements such as leaf type spring or notch hinges are always a good choice in 
designing the micro-positioner system. The notch hinge is considerably more 
effective compared to the leaf type spring because it is more immune to parasitic 
forces and also durable as described by Smith [59]. Based on the simulation result 
(refer to Appendix A), the parameters of the notch hinge has been designed with the 
radius, R of 2 mm, and thickness, t of 1 mm. On the other hand, one effective design 
in which to minimize the undesirable parasitic motion is a parallel and symmetric 
design as shown in Figure 16. The force generated from piezoelectric actuator pushes 
the guiding system and moves straight in Z direction.  
 
A flexure body is designed by using eight circular notch type hinges which have no 
backlash property and no non-linear friction. These circular notch type hinges are 




Figure 16: Free-body diagram of flexure mechanism of the FTS 
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parallel notch hinges are determined through the bending stiffness KB and axial 












































where R is the notch radius, t is the thickness between two notches, d is the width of 
the notch hinge, E is the Young’s Modulus of flexure materials, Kx is the stiffness of 
the flexure structure, and z is the displacement of the flexure. The dimension of the 
circular notch hinge and the flexure mechanism is shown in Figure 17. High modulus 
material is required in order to obtain a high stiffness structure. Thus, carbon steel 
with Young’s Modulus of 200 GPa, was used for the structure FTS. Based on the 




Figure 17: Detail design of flexure structure of the FTS 
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Finite element analysis (FEM) simulations were performed in order to optimize the 
performance relative to the geometry of the flexure design. Figure 18 shows the 
simulation results of the flexure mechanism for maximum displacement (Figure 
18(a)) and maximum induced stress (Figure 18(b)) when applying 1000 N load to the 
structure. From the simulation result, it can be observed that the flexure moves in pure 
linear motion with maximum displacement of 0.32 mm and maximum induced stress 
at the center of the circular notches only. The circular notch hinge was produced by 
drilling and CNC machine tool was used to machine the notches in parallel and 
symmetrical way. The flexure structure was secured on the fixed body base of the 
FTS by using the bolts. Further investigation of the fabricated flexure mechanism will 
be discussed in more detail in Section 4.2.1.  












Figure 18: Simulation results of the flexure system design of the FTS for (a) 
maximum displacement, and (b) maximum induced stress 
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4.1.2 Global Position Measurement 
4.1.2.1 Position Sensitivity Detector 
A cost-effective Position Sensitivity Detector (PSD) is used as a position error 
measurement sensor in the FTS. The PSD is a common substrate of photodiodes 
divided into either two or four segments [61]. The PSD can measure the light spot 
position all the way to the edge of the sensor, and is independent of the light spot 
profile and intensity distribution that affects the position reading in the segmented 
diodes. In this study, the two-segment PSD with model S3979 from Hamamatsu was 
purchased for the construction of FTS. The position sensing selection is based on size, 
resolution, and response time as indicated in Table 2. 
Table 2: Specifications of position sensitivity detector 
 
Active area 1 × 3 
Size (mm) ∅9.2 × 4.1 
Spectral response range λ (nm) 320 to 1100 
Peak sensitivity wavelength λp (nm) 920 
Position detection error (µm) ±15 
Rise time (µs) 2.5 
Position resolution (µm) 0.1 
 
Figure 19 shows the sensing circuit for determining the position of the light emitted 
from the laser diode. The intensity of laser light is measured by detecting the 
electrical current signal from detectors and converted to voltage signals. Both signals 
from segment left (L) and segment right (R) are compared and amplified to achieve 2 
V equal to 1 µm. The schematics circuit diagram of the PSD that is used to drive the 
PSD signals can be obtained in Appendix B (Figure 107). The circuit is designed in a 
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way to compare the signals from both channels. There is a comparator circuit to 
inform the user whether the flexure is moving in the desired direction. There is a 
scaling circuit to amplify the compared signal to an acceptable range. Figure 20 shows 
that the laser light source was aligned parallel with the linear guide in the machine in 
order to measure the entire travel length of X-axis translational slide. When the FTS is 
moving along the translational slide, the emitted laser light is continuously detected 
by the PSD and the overall error profile is directly measured. The PSD is aligned with 
the diamond tool in design of the FTS, thus the measurement can be made without 




Figure 19: Principle of position sensitivity detector with the edge detection using laser 












Figure 20: Arrangement of laser diode and PSD aligning with the X-axis translational 
slide 
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4.1.2.2 Performance test 
From experimental tests, it is found that the amplified PSD signal from the sensing 
circuit is very sensitive to the environmental change such as air flow and ambient 
light. Due to this sensitivity problem, the PSD and the laser light source are properly 
covered by a shroud (Figure 35). This shroud is made from black color polystyrene 
material in order to minimize the brightness effect. Overall it can help to isolate the 
emitted laser light source from the influence of environment. It is also found that the 
output signal noises are reduced significantly and can be easily controlled. In order to 
obtain better output signal, the residual noise is continuously minimized by adding a 
low-pass filter with cutoff frequency of 5 Hz just after the scaling circuit (Appendix B 
Figure 107). This method is feasible and subsequently the output signal becomes 
more stable. Figure 21 shows the recorded output signal from the PSD where the 
position error has been control in back and fore manners. Therefore, it can be seem 
that the error from 30 µm to 130 µm is relatively clear and fast response.  
 
 






















Figure 21: Static displacement of PSD for the FTS 
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4.1.3 System Modeling 
4.1.3.1 Mechanical system modelling 
Figure 22 shows a lumped second order mechanical model of the assembled FTS 
system. Generally, the system consists of two main elements: the piezoelectric 
actuator and the flexure mechanism. The piezoelectric actuator generated the force, FP 
to move the flexure structure in the direction z while the flexure mechanism is 
contributed to the spring, damper and mass. In section 4.1.1.2, the equation (Laplace 






sF inP  (9) 
The similar definition of piezoelectric actuator force can also be given by the equation 
below [62]: 
( ) ( )tuktF piezoP =  (10) 
In Laplace domain: 









Figure 22: Lumped second order mechanical model of the FTS 
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where kpiezo is the constant stiffness of piezoelectric, and u(t) is the desired 
displacement of piezoelectric actuator. From the lumped second order mechanical 
model, the governing equation of the assembled FTS can be derived as follows: 







In Laplace domain: 
( ) ( ) ( ) ( )sFsFsZKDsMs DP −=++2  (13) 
where z(t) is displacement of the system in Z-axis direction, Fp is the external force, 
M, D and K are the equivalent mass, equivalent damping coefficient, and equivalent 
stiffness coefficient of the system, respectively. Based on this context, the block 
diagram of the open-loop of FTS system can be obtained as shown in Figure 23, 
where Ga(s) and Gs(s) are the transfer functions of piezoelectric actuator and 
mechanical structure, respectively. In most of the machining cases, FD, is considered 
as cutting force. The cutting force is generally acting against the piezoelectric actuator 
direction during machining processes. By considering the case with machining, the 
cutting force is assumed to be eliminated and a linear system can be obtained. Since 
Equations (8) and (11) have provided different configurations of Fp(t), two different 
approaches are used to determine the model of FTS system. First, by substituting 
Equation (8) into Equation (13): 







sZKDsMs in  (14) 
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Second, by substituting Equation (9) into Equation (11): 
( ) ( ) ( )sUksZKDsMs piezo=++2  (16) 





= 2  (17) 
From Equations (15) and (17), two different models have been obtained which are 
third-order and second-order, respectively. It is found that the system can be more 
precisely analyzed the system by considering the amplifier of piezoelectric actuator. 
Equation (15) provides the description of the impedance from amplifier and the 
characteristic of piezoelectric actuator. In Section 4.1.1.2, it is clearer to understand 
that the Vs is directly affected by mechanical force. Therefore, the transfer functions 














The analysis of the open-loop system will be further discussed in Section 4.2.2. 
Indeed, the system requires the closed-loop system to control the output position z in 




Figure 23: Block diagram of open-loop FTS system 
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4.1.3.2 Closed-loop control system 
The models derived in previous section can be used to design a controller that can 
enhance the performance of the FTS system. In fact, the feedback controller maintains 
the prescribed relationship between the output (z) and the reference input (r). The FTS 
generally requires the actuating signal (difference between the input signal and 
feedback signal) to be fed to the controller so that the FTS is able to track the desired 
position. The main objective of closed-loop system is to minimize the positioning 
error and force the actuator to move in the commanded trajectory with minimum 
tracking error. Figure 24 shows the closed-loop control for the FTS system. A 
standard proportional-integral (PI) controller is added in the FTS control model. The 












11  (20) 
where Kp is the proportional gain, and Ti is the integral time. Therefore, by 
eliminating the disturbance FD(s), the following error of the system can be derived as: 
( ) ( ) ( )sZsRsE −=
 (21) 





−=1)(  (22) 
where the R(s) and Z(s) are defined as following: 
( )
( )
( ) ( )










In order to achieve the desired position, 
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Therefore, the PI controller is implemented in this case to optimize the following error 
to approximately zero.  
From the Equation (20), it is clear that Kp and Ti are variables. Ziegler-Nichols rule 
for tuning PID controller is applied in order to determine the optimum step response 
of the FTS system. The closed-loop control of FTS system is operated by 
implementing the analogue electronic. The operation amplifiers OP07 is employed for 
the PI controller circuit and the completed circuit schematic diagram can be found in 
Appendix B (Figure 107). The performance of the closed-loop FTS system is 
investigated and discussed in detail in Section 4.2.2. 
4.2 System Identifications 
4.2.1 Flexure Mechanism 
Basically, two types of mechanical analysis have been involved in the flexure 
mechanism; static analysis and dynamic analysis. The static analysis is mainly used to 




Figure 24: Block diagram of closed-loop FTS system 
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is by impact test. The impact is to determine the damping coefficient and dynamic 
frequency of the structure.  
4.2.1.1 Static testing 
Generally, the force generated from a spring-model can be expressed as a function of 
constant multiplied by the displacement of the stretched spring, kzF = , where z is the 
displacement of the spring for the FTS. Hence, the static testing was carried out by 
loading and unloading of weights to the flexure structure. Then, the displacement 
being moved for loading and unloading of weights was detected by the capacitance 
gauge and recorded. The value of K is theoretically defined from the gradient of the 






where kloading and kunloading are the stiffness of loading and unloading, respectively. 
Figure 25 illustrates the displacement of flexure mechanism for loading and unloading 
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Figure 25: Displacement and weight for stiffness determination 
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of the weights. The result demonstrates the graph of loading and unloading are 
identical and only one relation equation can be obtained. Therefore, it can be found 






===  (26) 
It is found that the static stiffness of the FTS, which is estimated from theoretical 
calculation, is almost identical with the value measured from experiment which is 
4.29 N/µm. 
4.2.1.2 Impact Testing 
The impact test of flexure mechanism was conducted to determine the dynamic 
parameters of the fabricated flexure structure. Testing was performed by using a small 
hammer. The displacement response was measured in the time domain using a 
capacitance gauge. The data was recorded using a digital oscilloscope and is shown in 

























Figure 26: Impulse response of the flexure mechanism with attached piezoelectric 
actuator 
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Figure 26 with the total sampling time of 0.03 seconds. For a mass-spring-damping 
model, by assuming the mass is free and that the system is released after from an 
impact, the free vibration motion can be described by: 
( ) sin( )nt dx t Xe tζω ω φ−= +  (27) 
where the damped natural frequency of the structure is defined as: 
21d nω ω ζ= −  (28) 










Therefore, the damping coefficient of the structure can be determined by using the 
formula as follows: 
MKD ⋅= ζ2  (30) 
where M is effective mass and K is the stiffness of the flexure mechanism, xi and xj is 
the amplitude from the impact response graph (Figure 27). The determination of the 




Figure 27: Mass, spring and damping model of a single degree of freedom system 








































16 /7922.781.010500612.022 −=×××== msNKMD ζ  (34) 
Summary of the characteristics such as mass, stiffness and damping coefficient of the 
developed flexure mechanism are given in Table 3. These values will be used for 
further analyzing the whole FTS system in the following section.  
Table 3: Characteristic of flexure structure and piezoelectric actuator 
 
Effective mass, M (kg) 0.81 
Stiffness, K (N/µm) 5 
Damping coefficient, D (kg/s) 7.7922 
Natural frequency, fn (Hz)  1250 
 
4.2.2 Performance Characteristics 
4.2.2.1 Open-loop system 
Hysteresis effect of the piezoelectric actuator greatly contributes to the system error 
because it will affect the tracking performance of the system. Figure 28 shows the 
displacement of the piezoelectric actuator during charging and discharging from 0 V 
to 100 V. For an ideal piezoelectric actuator, the relationship of the graph is a linear 
behaviour. However, practically, it is normally a tedious work to obtain an ideal 
hysterisis free piezoelectric actuator. Therefore, most of researcher have proven that a 
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closed-loop control system can help to eliminate the hysteresis effect of piezoelectric 
actuator.  
In addition, the dynamic performance of the open-loop FTS system is investigated in 
term of frequency response. From the simulation result of step response in the open-
loop system, it is observed that the system is totally unstable because the position 
output is increased and unpredictable time is required to bring the system to stability. 
While Figure 29 shows the simulated frequency response of the open-loop FTS 





















































Figure 29: Simulated frequency response of the open-loop FTS system 
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system based on the transfer function that is obtained in Section 4.1.3. The result 
indicates the frequency response of FTS system is only several Hertz. This result is 
slightly different from the result obtained empirically (Figure 30). The result 
illustrates the response is flat up to approximately 25 Hz and starts to decrease above 
this frequency. The result interpreted that the frequency of the piezoelectric actuator 
has been reduced by the stiffness of the flexure structure.  
 
4.2.2.2 Closed-loop system 
For the closed-loop FTS system, simulation analysis has been done for step response 
and frequency response. The result shows that the step response of the FTS system 
can be improved by tuning the PI gains, and the optimum value for Kp is 70 and Ki is 
5 (Figure 31). Based on the simulated result in Figure 32, the frequency response has 
been increased after implementing the control system. However, practically, the 
frequency response of the closed-loop FTS system has been reduced from the original 























Figure 30: Frequency response of open-loop FTS system 
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response range is considered sufficient for the application. For tracking performance, 
a sine wave signal is input to the system as a reference signal. By comparing the 
actual position output and the reference input, the tracking performance of the FTS 
can be determined from the residual error. Figure 33 shows the reference sine wave 
signal input to the system and output from the analogue PI controller of the FTS 
system. The residual error of about several nanometer peak-to-peak is found after 
implementing the analogue PI controller system. However, this remaining error 
cannot be eliminated. But, it can be minimized by commanding the FTS to move 
within 3 Hz frequency, while the frequency is related to the spindle speed and the feed 
rate during diamond turning. 

















































Figure 32: Simulated frequency response of the closed-loop FTS system 
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4.3 Experimental Setup and Procedures 
4.3.1 Equipment 
Figure 34 shows the schematic diagram of the FTS system on the miniature ultra-
precision lathe as mentioned in Section 3.1. In this setup, the stages have been divided 
into coarse stages and fine stage. The coarse stages are the Z-axis and X-axis 
translational stages. The coarse stages are controlled by the machine control unit 
(MCU) of the machine. However, the developed FTS system is acting as a fine stage 
which can actively move the tool tip and compensate the submicron error in the X-
axis translational slide. Hence, the controller of the coarse stage and fine stage are 
independent of each other. The closed-loop control system which is discussed in 
Section 4.1.3.2 is implemented in the FTS system. When turning process is 
undergoing, the PSD is measuring the position error along the X-axis translational 
slide in on-line manner. Meanwhile, this output is fed back to the system and is 
compared with the reference input. The determined error between actual output and 






















Figure 33: Tracking performance of closed-loop FTS system 
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reference input is controlled by an analogue PI controller. Hence, the FTS is driven by 
the piezoelectric actuator according to the amplified signal that is sent from the high 







































Figure 35: Experimental setup of the FTS system 
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4.3.2 Experimental Procedures 
In the experiment, a polycrystalline diamond (PCD) insert is used, and the workpieces 
used for the experiment are of non-ferrous materials; such as brass and aluminum 
alloy. The purpose of this experiment is to investigate performance of the FTS for the 
global position error compensation during machining process. Hence, the face turning 
is chosen as the machining profile so that the reference signal is equal to zero. In this 
study, the cutting tool is set to be started from the edge of the workpiece diameter. In 
order to understand the straightness error profile of the X-axis translational slide 
before starting the machining experiment, the FTS is controlled to move along the 
slide in forward and backward directions. The error displacement is measured by the 
PSD and recorded by the digital oscilloscope. For the machining experiment, the 
cutting conditions that are used in machining Aluminum alloy and Brass material are 
1500 rpm cutting speed, 5 mm/min feed rate, 1 µm depth of cut and dry cutting. The 
error profile which is measured by the PSD is recorded for the implementation 
without and with the FTS during machining. The machined workpieces are measured 
using a stylus-type surface measurement instrument from Taylor Habson with a data 
acquisition system for calculation of the arithmetic mean surface roughness (Ra) and 
arithmetic mean surface waviness (Wa). Two types of samples are used in this 
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4.4 Results and Discussion 
4.4.1 Global Position Error Profile 
The horizontal straightness error of the X-axis along translational slide of the 
miniature ultra-precision lathe has been measured by the developed PSD as shown in 
Figure 36. It is found that the X-axis translational slide is tilted in a certain angle with 
sinusoidal form error. The measured peak-to-valley error without machining is 
approximately 0.8 µm. This error can be adequately caused by the slide’s mechanical 
design error and coupling errors of the ball screws of the slide. The slide is found to 
be coinciding with the data measured from laser interferometer as shown in Section 
3.2. Since it is impossible to correct this error by using machine controller, 
compensation of this error by implementing the FTS system is needed. The 
photograph of the machined surface of implementation without FTS is shown in 
Figure 37. 




















Figure 36: Measured horizontal straightness errors of the X-axis translational slide of 
ultra-precision lathe 
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4.4.2 Error Compensation  
The machining experiment has been carried out to analyze the performance of the 
FTS system. When the FTS system is implemented, the measured error profile is 
fedback to the system and compensated during machining process. Figure 38(a) 
shows the comparison of waviness error profiles with and without the implementation 
of the FTS for machining of aluminium alloy. From the result, it can be observed that 
the error profile is completely compensated by the FTS. It is possible to state that the 
control system is robust enough to reject the disturbance of the system. The result is 
identical in the case of brass workpiece as shown in Figure 38(b) where the measured 
peak-to-valley of sinusoidal form errors before FTS compensation of aluminium alloy 
and brass are approximately identical.  
The error profiles in Figure 38(a) and 38(b) are lifted up to 3 µm as compared to the 
error profile without machining process (Figure 36). During machining process, the 
radial cutting force on workpiece acting against diamond tool tip is pushing the whole 
 
 
Figure 37: Photograph of machined workpiece without FTS compensation 
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moving body of the FTS in axial direction. But, this error has been successfully 
compensated by the FTS system. It is important to note that the FTS system is able to 
compensate the radial cutting force generated during machining process. 
























































Figure 38: Machining profile of (a) aluminum alloy and (b) brass workpieces for 
compensation without and with FTS during face turning 
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4.4.3 Face Turning 
4.4.3.1 Surface waviness 
Figure 39 shows the waviness of the machined surface without and with the 
implementation of the FTS system, for the aluminium alloy workpiece. The surface 
waviness where FTS is not implemented is 0.2767 µm (Figure 39(a)). However, the 
result shows a significant reduction in surface waviness to 0.0306 µm when the FTS 
system is implemented (Figure 39(b)). The result of surface waviness compensation is 
not consistent with the theoretical analysis because the surface waviness should be 
totally compensated after the FTS system was implemented as discussed in Section 
4.4.2. The remaining error of surface waviness that was found in Figure 39(b) can be 
adequately explained by the uncontrollable error of approximately 30 nm of the 
closed-loop FTS system. Overall, the result provides clear evidence that the FTS 
system can efficiently compensate the surface waviness if a closed-loop system with a 
better performance could be implemented.  
Figure 40 shows the waviness of the machined surface without and with the 
implementation of the FTS system, for the brass workpiece. The surface waviness 
without the is 0.1233 µm (Figure 40(a)). However, the result shows a significant 
reduction in surface waviness to 0.0638 µm when the FTS system is implemented 
(Figure 40(b)). The reduction of average waviness of brass workpiece after the FTS 
implementation is only half of the waviness without FTS.  
 
 























































Figure 39: Surface waviness measurement of Aluminium alloy material, (a) without 
and (b) with FTS system compensation 























































Figure 40: Surface waviness measurement of Brass material, (a) without and (b) with 
FTS system compensation 
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Figure 41 shows a significant reduction in the average waviness of the machined 
surface with implementation of the FTS system for electroless-nickel plated material. 
For the case without FTS implementation, the surface waviness is greatly reduced 
while the spindle speed is increased. However, for the FTS implementation, the 
surface waviness increased gradually when spindle speed was increased from 700 to 
1000rpm and remained steady afterward. Interestingly, it was found that at 2000 rpm, 
the waviness of the implementation without and with FTS are located at almost the 
same point. This phenomenon can be adequately explained by synchronization 
movement of the FTS system and spindle speed. The movement of the FTS system 
could not synchronized with spindle rotation because the bandwidth of the closed-
loop FTS is only 3 Hz. This result implies that the FTS cannot compensate the errors 
at high spindle speed, and also indicates the weakness of the developed FTS. An 
alternative explanation would be the compensation of FTS system gets saturated at a 
certain point due to the limitation of the closed-loop control system. On the other 
hand, it is interesting to observe that the value of surface waviness for FTS 


























Figure 41: Effect of spindle speed for with and without FTS compensation for 
electroless-nickel plated material 
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highest at 700 rpm. This implies the FTS system is able to work ideally at low spindle 
speed because the tracking of FTS can be synchronized with the spindle rotation 
effectively. For this particular reason, another design of the FTS system which has 
higher bandwidth and better tracking performance was developed and will be 
discussed in Chapter 5. 
4.4.3.2 Surface roughness 
Figure 42 shows the surface roughness of the aluminium alloy workpiece without and 
with the implementation of the FTS. The surface roughness when FTS is not 
implemented is 0.0182 µm, and it can be clearly observed that a sinusoidal wave is 
obtained (Figure 42(a)). For the FTS system implementation, the surface roughness is 
0.0186 µm which is almost similar to the result when FTS system is not implemented 
(Figure 42(b)). These results are expected as the surface roughness is mainly 
influenced by the cutting conditions and cutting tool geometry.  
However, the surface roughness found in Figure 42(a) is slightly higher than that 
found in Figure 42(b). This is probably due to the effect of the stress generated within 
the contact between the cutting tool of FTS system and the workpiece. Indirectly, the 
generated stress acts as the disturbance which is unpredictable. One interpretation of 
this result is the force that is generated from the piezoelectric actuator in the FTS and 
the radial cutting force that is generated from the turning process have the significant 
effects on the surface roughness. 
 
 






























































Figure 42: Surface roughness measurement of Alminium alloy material, (a) without 
and (b) with FTS compensation 
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Figure 43 shows the surface roughness for the implementation without and with FTS 
of brass workpiece. The surface roughness when FTS is not implemented is 0.0181 
µm, and it can be clearly observed that sinusoidal wave is obtained (Figure 43(a)). For 
the FTS system implementation, the surface roughness is 0.0189 µm which is almost 
similar to the result when FTS system is not implemented (Figure 43(b)). The 
explanation for such results is almost identical with the surface roughness results that 
obtained from alunimium alloy. Figure 44 shows the photograph of the machined 
workpiece of aluminum alloy and brass after the FTS is implemented. 
4.5 Concluding Remarks 
The error created in translational slide of an ultra-precision lathe will directly 
influence the accuracy and surface finish of the workpiece. If an ultra precision part is 
required to be manufactured, the error compensation technique needs to be introduced 
in the machine. The development of a Fine Tool Servo (FTS) system was intended to 
compensate the straightness and waviness error of the X-axis translational stage of a 
miniature ultra-precision lathe. The results showed that the assembled FTS with the 
symmetrical notch type hinges flexure structure was able to achieve an effective 
stroke of 12 µm, stiffness of 4.2896 N/µm, and the natural frequency of 25 Hz. After 
incorporating the FTS with the analogue PI controller, the straightness and waviness 
errors of the X-axis translational stage was completely compensated, and there was 
approximately zero error. This finding is significant because it shows that the 
analogue closed-loop FTS system is capable of eliminating the disturbance of the 
system. However, the system was unable to achieve the ideal performance as the 
remaining error of 30 nm was found. Due to the restricted current of the high voltage 
amplifier, the compensation signal would saturate and become unstable once further 
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tuning of the PI controller is carried out. Nevertheless, the remaining error did not 
have any significant influence in this case, and this problem can be resolved by 
replacing a low noise ratio high voltage amplifier.  
Utilization of a Position Sensitivity Detector (PSD) for error measurement has 
provided a new benchmark for a small-sized tool servo design. The PSD is a cost 
effective device which can precisely measure the smallest deviation of 0.2 µm and the 
performance is comparable to that of a high cost and bulky laser interferometer. The 
PSD is detecting an emitted laser light and measuring the position change of laser 
light. By aligning the laser light parallel to the translational slide, the PSD is capable 
of measuring the entire straightness error profile of the X-axis translational slide on 
miniature ultra precision lathe effectively. In this study, we attempted to examine the 
measurement output of the PSD via signal feedback to the closed-loop FTS system.  
For the machining experiment, the results demonstrated that the surface waviness of 
the machined workpiece was significantly reduced with the FTS system 
implementation. Based on the theoretical analysis, the FTS system should compensate 
all the errors for different types of materials on-line. However, the results showed that 
the waviness cannot be completely removed while the compensation performance of 
the FTS system can be only improved when the spindle speed and feed rate were 
reduced. This happened because of the movement of the low bandwidth FTS system 
that cannot be synchronized with the movement of high spindle speed and high feed 
rate. It seems that the surface waviness is mainly affected by the cutting conditions 
and the surface roughness is mainly influenced by the tool geometry and tool 
condition. Following this development, a second prototype with new concept of 
design was developed in order to resolve some limitations found in the FTS. 






























































Figure 43: Surface roughness measurement of Brass material, (a) without and (b) 
with FTS compensation 

















Figure 44: Photograph of machined workpieces of (a) Aluminium alloy, and (b) brass 
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CHAPTER 5 
HYBRID FINE TOOL SERVO SYSTEM 
The second and upgraded newly developed piezoelectric-based Hybrid Fine Tool 
Servo (FTS) which employs a miniature force transducer is presented. This hybrid 
FTS system comprises the global and local position errors compensations. The main 
reason for developing the hybrid FTS system is to achieve higher resolution, higher 
bandwidth and wider applications which were not found in the earlier FTS system. 
The primary objectives of the hybrid FTS is not only for on-line corrections of the 
straightness and waviness errors of the X-axis translational stage, but also to machine 
non-axisymmetrical and micro-features surfaces.  
5.1 Design of Hybrid Fine Tool Servo 
The new hybrid FTS system consists of a flexure structure body with a pair of parallel 
springs, a piezoelectric actuator, a tool holder, a capacitance sensor, a Position 
Sensitivity Detector (PSD), and a force transducer as shown in Figure 45. The detail 
drawing of the hybrid FTS design can be found in Appendix D (Figure 110). Same as 
previous FTS system, the piezoelectric actuator is placed in the center of the moving 
flexure body and it allows the tool tip to be fed into the desired distance according to 
the applied voltage. Subsequently, the force transducer has been installed in-line with 
the piezoelectric actuator and the capacitance sensor in order to avoid the 
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measurement such as Abbe error. In this design, the capacitance sensor is used for 
local position measurement and the PSD for global position measurement. In addition, 
the miniature, and high sensitivity force transducer is intended to measure the radial 
cutting force along the in-feed direction during diamond turning process. The new 
flexure mechanism of the FTS has been discussed in Section 5.1.3, and the 
characteristics of the hybrid FTS such as static and dynamic responses and resolution, 









Figure 45: Complete view of Hybrid FTS (a) exploded view; (b) photograph view 
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5.1.1 Specifications 
The original requirement of the FTS system is to effectively compensate the errors on 
the miniature ultra-precision lathe. However, when only an analogue control system is 
employed and low bandwidth is obtained, the system might not be able to perform in 
wider application. Considering the fabrication of micro-features and non-
axisymmetrical surfaces, the FTS system should meet the following requirements. 
First, a piezoelectric actuator should meet the FTS requirement such as long stroke, 
higher bandwidth and higher acceleration. At the same time, the high voltage 
amplifier of the piezoelectric actuator is required to have low signal-to-noise ratio. 
Second, hardware for the motion controller needs to be very powerful and of high 
speed so that the hybrid FTS system can perform the integration of global- and local- 
positions feedback. Lastly, the control algorithm for the two position sensors for the 
hybrid FTS system is needed to be developed. Since the existing error on the 
miniature ultra-precision lathe cannot be eliminated, the PSD is needed to be used 
together with the capacitance sensor. Figure 46 shows the concept of setup 















Figure 46: Setup concept of hybrid FTS on miniature ultra-precision lathe 
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5.1.2 Actuator Selection 
A preloaded piezo-ceramic stack protected by a stainless steel case from Physik 
Instrumentes (P-239.20) was employed in the hybrid FTS (Figure 47). The selection 
of the piezoelectric actuator was based on the maximum displacement, natural 
frequency as well as generated force. The characteristics of the piezoelectric actuator 
is indicated in Table 4 [62]. The maximum voltage input of the piezoelectric actuator 
is 1000 V; consequently a high voltage amplifier (E-480) was purchased based on the 
requirement of the hybrid FTS system. The high voltage amplifier can supply 
relatively low noise and average current of 100 mA. It can be found that the frequency 
response is sufficiently high at several nanometers displacement when incorporating 
the piezoelectric actuator and the high voltage amplifier.  
 
 
Table 4: Specification of piezoelectric actuator 
 
Type Piezo-ceramic stack with 
stainless steel case 
Size (mm) ∅25 × 48.6 
Displacement (µm) 20 /1000VDC 
Generated force (N) 4500 
Capacitance (nF) 245 
Resonance frequency (kHz) 8 
Large-signal stiffness (N/µm) 250 




Figure 47: Piezoelectric actuator from Physik Instrumentes 
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5.1.3 Flexure Mechanism Design 
In the hybrid FTS design, a flexure mechanism with circular notch type hinges is 
designed in parallel and symmetric pattern. As discussed in the previous chapter, this 
design is promising the axial movement of the structure to move without parasitic 
motion error. A new flexure mechanism is introduced in the hybrid FTS to enable the 
measurement of radial cutting force simultaneously in this system. A free-body 
diagram is used to describe the flexure mechanism of the hybrid FTS as shown in 
Figure 48. The linkage between the bars is assumed to be well jointed and elastically 


















Figure 48: Free-body diagram of flexure mechanism of the hybrid FTS 
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structure gets translated in an axial direction as described in Figure 48(a). In order to 
feed the tool tip to the desired position as commanded through programming; the 
piezoelectric actuator extends and generates the element (1) to move against the FD 
direction as shown in Figure 48(b). However, the element (2) gets displaced in the 
direction where FD is applied. The force FP which is generated from the piezoelectric 
actuator is considerably greater than force FD. This means that the displacement of 
element (1) is relatively larger than element (2). Same as the FTS design concept, the 
translation of the piezoelectric actuator is guided by a flexure mechanism element. 
For the hybrid FTS flexure system, the circular notch type hinge is used as a flexure 
element. There are total four circular notch type hinges in the system. The common 
structure design is shown in Figure 49(a). The flexure system is fixed at both ends and 
the equivalent mathematical model is shown in Figure 49(b). Based on Paros and 
Weisbord proposition [60], the stiffness of the system is consisted of bending 
stiffness, KB and axial stiffness, KS as described in Equation (4) and Equation (5), 
respectively. However, the related equation of four circular notch types hinges flexure 






















From this equation, the required stiffness can be estimated by changing the 
dimensions of the design especially for the thickness t and the radius of notch hinge R. 
By using the high modulus material in the design, for instance, carbon steel, a high 
stiffness structure can be obtained and the results can be referred to Appendix D 
(Figure 108). Finite element analysis (FEM) simulations were performed in order to 
 Chapter 5  Hybrid Fine Tool Servo System 
 84
optimize the performance relative to the geometry of the flexure design. Figure 50 
shows the simulation results of the flexure mechanism for maximum displacement 
(Figure 50(a)) and maximum induced stress (Figure 50(a)). The dimension of the 
flexure mechanism are finalized by considering the result that found in Appendix D 
(Figure 111). From the simulation result, it can be observed that the flexure motion is 
not linear motion and the structure is slightly bent when 1000 N load was applying to 
it. The whole flexure structure was fabricated by using the wire-EDM process in order 
to maintain the parallellism and symmetric of the circular notch hinges. The flexure 
structure is secured on the fixed body base of the hybrid FTS by using the bolts. 
Further investigation of the fabricated flexure mechanism will be discussed in more 
details in Section 5.2.1. 














Figure 49: Flexure mechanism of the hybrid FTS in (a) drawing of flexure structure, 
and (b) mathematical model 














Figure 50: Simulation results of the flexure system design of the hybrid FTS for (a) 
maximum displacement, and (b) maximum induced stress 
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5.1.4 Displacement Sensor 
5.1.4.1 Capacitance sensor 
Basically, capacitance sensor is used to measure the linear displacements where one 
of the plates is moved by the displacement so that the plate separation changes. The 






where εr is the relative permittivity of the dielectric between the plates, ε0 is a 
constant called the permittivity of free space, As is the area overlap between the two 
plates and ds is the plate separation. Such sensor is considered as a high resolution and 
sensitive sensor. It can measure the displacement from a few nanometers to hundreds 
of millimeters. In this research, the capacitance sensor is used to measure the 
displacement of the diamond tool tip relative to the workpiece. Due to the merit of the 
capacitance sensor such as small range of non-linearity and hysteresis, high 
resolution, and high bandwidth, it is very applicable in measuring the displacement in 




Figure 51: Capacitance sensor from Physik Instrumentes 
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050) from Physik Instrumentes is selected to be installed in the hybrid FTS system 
(Figure 51). The selection is basically based on the size and the performance of 
capable measure the small deflection. The specifications of the capacitance sensor are 
indicated in Table 5.  
Table 5: Specifications of capacitance sensor 
 
Material Aluminium 
Size (mm) 15 × 15 × 4 
Nominal measuring distance (µm) 50 
Extended measuring distance (µm) 150 
Resolution (nm) <0.01 
Bandwidth (kHz) Up to 10 
In order to understand the working performance of the capacitance sensor, the signal 
output of the sensor had been captured with a digital oscilloscope and shown in Figure 
52. It appears that the signal-to-noise ratio of the signal is relatively low, and it also 
seems that the hybrid FTS works in stable condition with the capacitance sensor. Due 
to the high resolution (< 0.01 µm) of the capacitance sensor, the hybrid FTS system 
can move in the displacement as small as 1 nm (Figure 53).  

























Figure 52: Output signal of capacitance sensor 
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5.1.4.2 Position Sensitivity Detector 
The Position Sensitivity Detector (PSD) used in the hybrid FTS system is similar to 
the one in FTS system. Therefore, the setup of the PSD incorporated with the laser 
diode is same as the previous design. However, the circuit of the signal processing for 
the PSD had been changed to multiplier design. Based on the theoretical explanation 











where I1 and I2 are the photocurrent created from both photodiodes of the PSD, z is 
the actual displacement of the laser light spot relative to the middle of the PSD, and L 
is the effective length of the PSD. An analogue circuit is used to process the PSD 
signal by replacing the comparator element to the divider element. The complete 
schematic diagram of the new PSD circuit design can be found in Appendix E (Figure 

























Figure 53: Resolution of capacitance sensor of the hybrid FTS 
 Chapter 5  Hybrid Fine Tool Servo System 
 90
112). Overall, the output of the PSD is found to be low in signal-to-noise ratio and 
less sensitive to the ambient changes.  
5.1.5 Force Transducer 
5.1.5.1 Sensor descriptions 
The main purpose of the force transducer in the hybrid FTS is to measure the dynamic 
force generated during orthogonal machining process. The generated force which is 
considered as radial cutting force (thrust force) is measured in milli-newton. 
Therefore, a high resolution and high bandwidth force transducer is needed in this 
application. In order to obtain a high accuracy and repeatability force measurement, it 
must fulfill the requirements as below [56]:  
• sensitive and accurate determination to within ±1%, 
• high rigidity to prevent deflection during machining process, 
• large natural frequency which is at least four times larger than the frequency of 
the exciting vibration, and 
• stable with respect to time, temperature, and humidity.  
Table 6: Specifications of force transducer 
 
Type Piezoelectric 
Size (mm) ∅4.4 × 23.3 
Measuring range (N) -20 until 200 
Threshold (N) <5×10-4 
Sensitivity (pC/N) ≈-81 
Rigidity (N/µm) ≈100 
Natural frequency (kHz) >50 
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A miniature force transducer (type 9215) from Kistler is selected (Figure 54). The 
sensor is of high resolution and high bandwidth and the specifications are shown in 
Table 6. This force transducer is different from the conventional dynamometer as it 
produced clean signal and high sensitivity to small variation in force. Generally, the 
force transducer incorporates two main elements: ceramic element and separate 
seismic mass (Figure 55). The force transducer is electrically equivalent to the system 
depicted in Figure 56. Consequently, the system is represented by a spring-mass 
system where Lm is equivalent to the seismic mass (Ms), Cm is the mechanical spring 
constant (Ks), C0 is the sum of the static capacitance of the ceramic element. The 














Figure 55: Schematic diagram of force transducer 





FdVout −=  (38) 
where MaF = , d33 is the piezoelectric charge constant, and Vout is the actual output 






where Ms is the mass of force transducer, Ks is rigidity, and F is the applied force. The 
applied force, F is known and can be directly measured from the output voltage as 
seen from Equation (36). Since the radial cutting force makes a significant effect on 
the hybrid FTS system during cutting operation, the main purpose of the miniature 
force sensor is to measure the radial cutting force along the in-feed direction during 
the face turning process. Force measurement is essential in this system because it 
plays an important role of monitoring the machining regime especially in nano-
machining. 
In the hybrid FTS design, the miniature force transducer is fixed on a ground plate 
and secured with a M2 screw. Figure 57 shows the force transducer was installed in 




Figure 56: Mathematical model of force transducer 
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is acting from the piezoelectric actuator (Fp) on the tool holder at the flexure structure, 
a minor force is acting on the force transducer at the opposite direction. During the 
turning process, the force transducer is displaying a total actual force (Fs) including 
the radial cutting force (Ft) from machining and the minor acting force (Fm) from 
piezoelectric actuator (Figure 57). Therefore, the miniature force transducer was 
evaluated by determining the relationship between the actual radial cutting force 
signal and the amplified piezoelectric actuator input signal which will be discussed in 
Section 5.5.1. 
 
5.1.5.2 Performance test 
The performance of the assembled force transducer was tested by applying the load to 
the tool holder of the hybrid FTS system. Figure 58 shows the output of the force 
transducer with respect to the applied load. The result indicates that the force output is 
stable and is directly proportional to the applied load. The linear proportional 
relationship can be adequately explained by the flexure mechanism which can 
 
 
Figure 57: Assembled force transducer in the hybrid FTS structure 
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effectively convey the radial cutting force from tool tip to the force transducer. Hence, 
Section 5.2.1 will further discuss the modeling of flexure mechanism design.  
Generally, the hybrid FTS involves the radial cutting force in milinewton scale. 
Therefore, the force that is measured by the force transducer is very sensitive to the 
ambient influences such as the tensions present and temperature arising around the 
hybrid FTS. The former factor is the tension present in the system. A force gets 
exerted whenever the hybrid FTS is handled regardless of how the hybrid FTS is 
being delicately held. Therefore, before the start of experiment, it is imperative that 
the force that built up within the hybrid FTS need to be dissipated to the surroundings. 
This can be solved by leaving the hybrid FTS in stationary condition for a period of 
time. This can help to dissipate the built up forces inside the hybrid FTS, if any, to the 
surroundings. 
The second factor that affects the reading of force transducer is the temperature from 
the ambience. When the ambient temperature is high, the molecular vibration of the 



















Figure 58: Calibration results of the force transducer 
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piezoelectric actuator in the hybrid FTS is higher as compared to the case when the 
temperature is lower. Therefore, the reading of force transducer that is taken may 
include the magnitude of the molecular vibration in the piezoelectric actuator as well 
as the force generated during the machining process. In order to determine the effect 
of the ambient temperature for the reading of force transducer, an experiment was 
carried out. The readings are taken by placing a digital thermocouple tip on top of the 
back plate containing the force transducer. The temperature is increased by putting a 
soldering tip near the thermocouple in order to heat up the region surrounding the 
force transducer. 
Obviously, there is a linear relationship between the ambient temperature and the 
force transducer readings (Figure 59). The result demonstrates that keeping the 
ambient temperature constant is essential while recording the reading of force 
transducer. Although the decrease in force transducer readings is small, the deviation 
may become significant when compared to the actual machining force which is in 
micro-Newton range. Hence, any fluctuation in the temperature may make it difficult 
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Figure 59: Effect of temperature to the force transducer 
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to determine the actual reading of the machining force. In any cutting process, there is 
bound to be some heat generated between the workpiece and the cutting tool, which 
may result in increased temperature. Fortunately, in nano-machining, the generated 
heat is very small as compared to the conventional machining process. Although the 
effect of temperature has no major influence on the hybrid FTS system, monitoring 
and filtering of the signal is still needed to be implemented. 
5.2 System Identification 
5.2.1 Flexure Mechanism 
It is essential to model the hybrid FTS mechanical system by considering the flexure 
mechanism, the piezoelectric actuator, and the force transducer. Two types of 
mechanical analysis have been involved in the flexure mechanism; static analysis and 
dynamic analysis. The dynamic analysis is only considering the impact test to 
determine the damping coefficient and dynamic frequency. Open-loop system of the 
hybrid FTS is needed to be investigated in order to understand the working behaviour 
regardless the feedback control system.  
5.2.1.1 Mechanical system modelling 
The mechanical system for the hybrid FTS is more complicated compared to the 
previous FTS. As discussed in Section 5.1.3, the flexure elements translate into two 
opposite directions when two different forces are acting on them. Figure 60 shows the 
lumped mechanical model of the hybrid FTS with force transducer. This is the 
superimposed model of the lumped second order mechanical model of the assembled 
flexure mechanism and piezoelectric actuator, and the second order mechanical model 
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of force transducer. When the force generated from piezoelectric actuator is FP, the 
mass, M is accelerating. At the same time, the force transducer mass, Ms is accelerated 
by the force FN as well. The force FN is corresponding to the force FD which is the 
disturbance force and minor load from piezoelectric actuator, Fm. Thus, force FN can 
be derived as: 
mDN FFF +=  (40) 
where FN can be measured by using force transducer, while Fm can be determine by 
using empirical method. From the mechanical model, the governing equation of the 
assembled FTS can be derived as follows: 






































By considering the case that disturbance force FD is eliminated, the equations become: 
 
 
Figure 60: Lumped mechanical model of hybrid FTS with force transducer 





















Since the modeling formulas are involving two variables, z1 and z2, two cases can be 
considered; z1=0 and z2=0.  

















Transfer Equation (42) and Equation (43) are in Laplace domain: 
( ) ( ) ( )sFsZKDs m=+ 2  (46) 
( ) ( ) ( )sFsZKDsMs P=++ 22  (47) 














D  (49) 
Transfer Equation (46) and Equation (47) are in Laplace domain: 
( )( ) ( ) ( )sFsZKKDssM mss −=+−+ 12  (50) 
( ) ( ) 01 =+ sZKDs  (51) 
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For the hybrid FTS system, the piezoelectric actuator is dynamically moved in the 
desired position. The force that is generated from the piezoelectric actuator eventually 
becomes the main elements in the system. Equation (37) illustrates the typical lumped 
second-order model for the FTS system which is identical to Equation (11). However, 
for case z2=0, the mechanical model is only referred to the force transducer model. It 
is also not logical to eliminate the displacement of piezoelectric actuator during the 
operation of hybrid FTS system. In this context, case z1=0 is rather feasible provided 
the force transducer is of high stiffness and no disturbance force is found. Thus, case 
z1=0 is considered in the hybrid FTS system for open-loop and closed-loop control 
system analyses.  
5.2.1.2 Static testing  
Similarly, the static testing of the hybrid FTS system was carried out same as the FTS 
system (Section 4.2.1.1). Figure 62 illustrates the displacement of flexure mechanism 
for loading and unloading the weights. The static stiffness of the hybrid FTS can be 













===  (53) 
The empirical value of stiffness is slightly different from the theoretical value that can 
be determined from Equation (25). From the theoretical determination, the value of 
stiffness is 25 N/µm. The difference can be adequately explained by the material 
properties and the mechanical difference between simulated and fabricated part. 
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5.2.1.3 Impact testing 
The procedures of impact test of flexure mechanism that is conducted to determine 
the dynamic parameters of the fabricated flexure structure is similar to the FTS 
system (Section 4.2.1.2). Figure 62 shows the impulse response of the flexure 
mechanism with the total sampling time of 0.13 seconds. The result illustrates the 
amplitude of vibration decays very fast without smooth condition. One may speculate 
that the viscous damping constants of the flexure are considerably very high. Besides, 
the flexure structure design may also affect the decaying condition. By considering 
the damping frequency, Hzd 98.904=ω , the determinations of the damping 
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Figure 61: Displacement and weight for stiffness determination 

























16 /326.24022.0101813.70956.022 −=×××== msNKMD ζ  (57) 
The summary of characteristics such as mass, stiffness and damping coefficient of the 
developed flexure mechanism are given in Table 7. These values will be used for 
further analysis the whole hybrid FTS system in the following section.  
Table 7: Characteristics of flexure structure and piezoelectric actuator 
 
Material Carbon steel 
Mass (kg) 0.22 
Stiffness (N/µm) 7.1813 
Damping coefficient (kg/s) 240.326 
Natural frequency, fn (Hz) 909.16 
 





















Figure 62: Impulse response of the flexure mechanism for the hybrid FTS 
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5.2.2 Open Loop System 
From the mechanical system modeling of the hybrid FTS that is obtained in Section 
5.2.1.1, the block diagram of the open-loop of hybrid FTS system can be drawn as 
shown in Figure 63. However, the disturbance force such as cutting force is taken into 
consideration in this analysis cannot be avoided during turning process. Figure 64 
shows the empirical step response of the hybrid FTS. The transient response happened 
below the unit step input and the settling time is after 5 ms. Therefore, a controller is 
needed in order to achieve the better tracking performance. Figure 65 shows the 
frequency response of the open-loop hybrid FTS system. The result indicates that the 
frequency response flat up to approximately 100 Hz and starts to decrease above this 
frequency. Thus, the frequency response of the hybrid FTS in open-loop system is 
180 Hz (-3 dB).  
On the other hand, hysteresis effect of the piezoelectric actuator greatly contributes to 
error as discussed in the previous chapter. Figure 66 shows the displacement of the 
piezoelectric actuator during charging and discharging from 0 V to 1000 V. For an 
ideal piezoelectric actuator, the relationship of graph is a linear behaviour. However, 































Figure 63: Block diagram of the open-loop hybrid FTS system 
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Therefore, a closed-loop control system is required in order to eliminate the hysteresis 




Figure 64: Step response of open-loop hybrid FTS system 
 
 
Figure 65: Frequency response of open-loop hybrid FTS system 
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5.3 Control System Implementation 
5.3.1 Output Feedback 
In order to enhance the dynamic performance, a control system is required to be 
implemented in the hybrid FTS system. The discrete-time control system (digital 
control) is chosen to be implemented in the hybrid FTS system. In general, digital 
controller is commonly required because of the flexibility that can easily change the 
gains and redesign the control algorithms. Besides, the high bandwidth of the 
electronics and stability towards the environmental conditions are the benefits of 
employing digital controller. Figure 67 shows the block diagram of the closed-loop 
hybrid FTS control system. The controller was implemented with the output feedback 
where the displacement output Z(s) is measured with the capacitance sensor. The 
feedback output is then compared with the reference signal R(s) which is generated 
from computer. Thus, error signal E(z) is obtained and fed to the controller Kc(z). The 
























Figure 66: Hysteresis effect of piezoelectric actuator 
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controller is similar to the FTS system which is a PI (proportional-integral) controller. 
The output of the controller is a voltage command for the high voltage amplifier that 
is transformed to the mechanical motion of piezoelectric actuator, Ga(s). The 
disturbance, FD(s), such as cutting force is added at the output of the piezoelectric 
actuator. Subsequently, the resultant force actuates the flexure structure, Gs(s) and 
moves the structure to the required displacement. 
 
5.3.2 Dual-Sensor Control System 
For a typical control system, there are two important signals needed to be taken into 
consideration; the control signal and the measured signal. In this study, dual-sensor 
control system has been implemented and it is referred to two position sensors that are 
simultaneous by operated when the controller is in use for the system. The measured 
signal of the capacitance sensor is feedback to the system, while another measured 
signal of the PSD is employed as a secondary reference to the hybrid FTS (Figure 68). 
As mentioned in Section 5.1.4.2, the PSD is the global displacement measurement 
device for the X-axis translational slide. It is essential to compensate the existing 
waviness error which may affect the surface accuracy. The compensation is done by 
 
 
Figure 67: Block diagram of the close-loop hybrid FTS system 
 Chapter 5  Hybrid Fine Tool Servo System 
 106
combining the PSD signal (secondary reference) with the required position or surface 
profile (primary reference) of the hybrid FTS. The governing equation is defined as: 
( ) ( ) ( )zRzRzR PSDt +=  (58) 
( ) ( ) ( )zZzRzE t −=  (59) 
Where RPSD(z) is the measured signal from PSD, Rt(z) is the reference to be 
compensated, and Z(z) is the actual output. The error, E(z) is then controlled by the 
proportional-integral (PI) controller where the transfer function in discrete-time term 
is given by: 
( ) 11 −−+= z
K
KzK ipc  (60) 
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where Kp and Ki are the proportional gain and integral gain, respectively. When 
considering the digital control, the UMAC controller which is based on the Motorola 
56k DSP processor is used to control the hybrid FTS system. An additional board 
with eight channels Analog-to-Digital (A/D) converter and eight-channel Digital-to-
Analog (D/A) converter for differential configuration is installed in the UMAC. The 
range of the converters is -5 to +5V at a resolution of 12-bit. This board is used to 
convert the capacitance sensor signal and PSD signal to digital form. At the same 
time, one of the servos (axes) from the UMAC is designed for the hybrid FTS and 
assigned as W-axis. The reason for applying the UMAC in controlling the hybrid FTS 
system is because the UMAC combination can provide a highly accurate, flexible and 
powerful motion control capable of controlling a large number of axes with simplicity 
of operation. Therefore, it is believed to provide a powerful integrating system 
between the machine tool axes and the hybrid FTS which will be discussed in Chapter 
6. Similar with the FTS system, PI controller is used to reduce or eliminate the 
constant steady-state errors. The variables Kp and Ki are tuned by using Ziegler-
Nichols rule and the value of Kp and Ki are 60000 and 4500000, respectively (Figure 



































Motor #4 Step Move Plot Result : Executed at 9:33:09 2009-7-22
 Time (msec)
Rise Time=0.002 s  Peak Time=0.045 s  Natural Freq=250.1 Hz  Over Shoot=0.2%  Damping=1.0  Settling Time=0.004 s
Proportional Gain (Ix30)=60000  Derivative Gain Gain (Ix31)=0  Velocity Feedforw ard Gain (Ix32)=0
Integral Gain (Ix33)=4500000  Integral Mode (Ix34)=0  Acceleration Feedforw ard Gain (Ix35)=0
Command Offset (Ix29)=0  Command Limit (Ix69)=32767  Servo Cycle Extension (Ix60)=0
Friction Feedforw ard Gain (Ix68)=0  Fatal Follow ing Error Limit (Ix11)=320000
 
 
Figure 69: Step response of the closed-loop hybrid FTS system 
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69). It is found that the steady-state error of the hybrid FTS system without feedback 
control is considerably very high and needs a very high integral gain to settle the 
response with optimum steady-state error and in stable condition. While the frequency 
response of the hybrid FTS system is 130 Hz at -3 dB (Figure 70). The result indicates 
sufficient bandwidth is obtained with the settling time of 4 milisecond. It is important 
to consider the required bandwidth available for compensating the waviness error and 
machining profile surface. For micro-features and non-axisymmetrical surface, it is 
needed to adjust the cutting conditions such as spindle speed and feed rate by taking 
into account the range of bandwidth of the hybrid FTS. 
The performance of dual-sensor system for hybrid FTS system has been empirically 
verified by setting the stair signals in forward and backward manner as the reference 
signal. Figure 71 shows the output of the PSD and capacitance sensor before 
implementing the dual-sensor system. It is clearly observed that the hybrid FTS 



































Motor #4 SineSweep Move Plot Result : Executed at 9:37:00 2009-7-22
 Frequency (Hz)
Proportional Gain (Ix30)=60000  Derivative Gain Gain (Ix31)=0  Velocity Feedforw ard Gain (Ix32)=0
Integral Gain (Ix33)=4500000  Integral Mode (Ix34)=0  Acceleration Feedforw ard Gain (Ix35)=0
Command Offset (Ix29)=0  Command Limit (Ix69)=32767  Servo Cycle Extension (Ix60)=0
Friction Feedforw ard Gain (Ix68)=0  Fatal Follow ing Error Limit (Ix11)=320000
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moved accordingly while the waviness error does not influence the reference signal. 
On the contrary, the waviness error from PSD can be integrated in the reference signal 
in order to compensate the error that might affect the surface accuracy. The outputs of 
the PSD and capacitance sensor after implementing the dual-sensor system are shown 
in Figure 72. The signal of PSD is reversed and superimposed in the reference signal. 
This provides clear evidence that the dual-sensor system can be successfully 
implemented for compensating the error and machining non-axisymmetrical surface 
simultaneously. Further investigation on the machining experiments will be discussed 
in Section 5.5. 













































Figure 71: Output of the hybrid FTS system after implementing dual-sensor control 
system 
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5.4 Experimental Setup and Procedures 
5.4.1 Equipment 
Figure 73(a) shows the miniature ultra-precision lathe and the setup of hybrid FTS 
system. The motion controller is considered as the heart for the whole system because 
it integrates the control system for the main axes in the miniature ultra-precision lathe 
and the hybrid FTS system. The main axes of the miniature ultra-precision lathe are 
X- and Z-axis for the translational slides, and C-axis for the air bearing spindle, while 
the displacement of the hybrid FTS tool tip is considered as W-axis in the system as 
shown in Figure 73(b). The dual-sensor control system which has been discussed in 
section 5.3.2 is implemented in the hybrid FTS system. When turning process is 
undergoing, the PSD is measuring the position error along the X-axis translational 



































Figure 72: Output of the hybrid FTS system before implementing dual-sensor control 
system 
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slide in on-line manner and set as secondary reference signal. At the same time, the 
capacitance sensor signal is fedback to the system and is compared with the reference 
signal. The PI control in discrete-time manner is used to control the error signal. 
Hence, the hybrid FTS which is driven by the piezoelectric actuator according to the 
amplified signal that is sent from the high voltage amplifier. At this stage, the hybrid 


















Figure 73: View of the setup for (a) miniature ultra-precision lathe, and (b) the hybrid 
FTS system 
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5.4.2 Experimental Procedures 
Machining experiments were conducted to investigate the performance of the hybrid 
FTS system with the force transducer in machining non-ferrous materials during face 
turning. Thus, the reference signal is set to zero when machining a flat profile. Similar 
to the FTS system, the straightness error profile of the X-axis translational slide was 
verified before starting the machining experiment. The cutting tool used is a 
polycrystalline diamond (PCD) insert with 0.1 mm tool nose radius, and the non-
ferrous materials,brass and aluminium alloy. The face turning was carried out at a 
spindle speed of 15,000 rpm, feed rate of 0.3 mm/s, depth of cut of 2 µm, and under 
dry condition. This spindle speed had been tested for a high speed turning purpose 
because the hybrid FTS system is operated independently and only axisymmetrical 
surfaces are machined. The 2D profile of the machined surface was measured using a 
stylus-type surface measurement instrument from Taylor Habson, while the radial 
cutting force was recorded using a Sony data recorder. The arithmetic mean surface 
roughness and radial cutting force are the analysis parameters in this study. On the 
other hand, it is also important to analyze the micro-features machining phenomenon 
with the hybrid FTS system by monitoring the radial cutting force and by analyzing 
the surface profile. Thus, same cutting conditions were used for the micro-feature 





 Chapter 5  Hybrid Fine Tool Servo System 
 114
5.5 Results and Discussion 
5.5.1 Force Transducer 
Since radial cutting force measurement is one of the goals, it is essential to carefully 
calibrate the force transducer. As discussed in Section 5.2, the minor force acting 
from the piezoelectric actuator, Fm is needed to be determined. Figure 74 shows the 
minor acting force when a constant displacement such as 0.5, 1.0, 2.5, 3.0, and 5.0 µm 
of the hybrid FTS system is actuating. This testing was carried out without machining 
process. The result indicates that the minor acting force is exponentially decreasing 
within 0.5 seconds. It is important to note that it is difficult to measure the static force 
using the force transducer. An alternative explanation would be the high damping of 
the flexure mechanism that has been developed to fix the piezoelectric actuator and 
the force transducer caused the structure to retract back rapidly. Fortunately, only 
dynamic radial cutting force is considered in the machining of hybrid FTS system. In 
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order to have a better explanation about the dynamic force measurement, a pulse-type 
motion with 70 V and interval time of 0.5 second was generated by the piezoelectric 
actuator (Figure 75). The result appears to confirm the force transducer to be able to 
measure the dynamic force effectively. 
On the other hand, the relationship between the hybrid FTS system displacement and 
the actual radial cutting force signal were determined as shown in Figure 76. The 
result indicates a linear relationship between the hybrid FTS displacement and the 
minor force acting from piezoelectric actuator. Thus, the equation has been 
determined as follows: 
9.224 −= zFm  (61) 
where z is the hybrid FTS displacement. After obtaining the minor acting force, the 
actual radial cutting force can be determined from Equation (30) by assuming the 
flexure mechanism is translated without parasitic motion as given in the equation 
below: 
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NmD FFF −=  (62) 
 
5.5.2 Face Turning 
Figure 77 shows the effect of depth of cut to the radial cutting force during machining 
with the hybrid FTS system implementation for brass and aluminium alloy 
workpieces. It appears that the radial cutting force for brass and aluminium alloy 
workpieces are gradually increased when the displacement of the hybrid FTS tool 
increased. The radial cutting force of the brass workpiece is 15.6 mN at the 
displacement of 2 µm, while for the aluminium alloy workpiece is slightly higher than 
brass which is 16.8 mN. The radial cutting forces for brass and aluminium alloy do 
not show a significant difference when operating under same cutting conditions. This 
can be adequately explained by the similarity in the material properties in term of 
hardness as suggested by Drescher and Dow  [64]. The result also provides clear 
evidence for effectiveness of the assembled force transducer in measuring the radial 
cutting force during face turning process. Subsequently, the measured radial cutting 
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Figure 76: Relationship between hybrid FTS displacement and radial cutting force 
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force especially in machining the small depth of cut seems to be clean signal and not 
affected by the vibration from shop floor and disturbance from ambient.  
The dual-sensor control system implemented in the hybrid FTS system is found to be  
more robust to achieve better tracking performance during face turning. Figure 78 
shows that result of the local displacement, the radial cutting force and the global 
displacement during the hybrid FTS system implementation. The results demonstrates 
that the hybrid FTS can compensate the waviness error of the translational stage by 
just reversing the measured global displacement. Besides, it can be seen that the trend 
of radial cutting force is followed by the trend of local displacement with the overall 
magnitude range from 0 to 50 mN. The radial cutting force is slightly decreased when 
machining from center to the edge of the workpiece diameter. It is possible to 
speculate that the straightness error of the translational stage has not been successfully 
compensated by the hybrid FTS system. Although the measured radial cutting force 
provides the clean and sensitive signal, the signal-to-noise ratio from the PSD may be 




















Figure 77: Effect of depth of cut to the radial cutting force during the hybrid FTS 
implementation in face turning 
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argued which has mainly contributed to the quality of the surface integrity (Figure 
79). Therefore, investigation for the machined surface integrity is needed to be further 
studied. 
Figure 80(a) shows the effect of the feed rate on the surface roughness and surface 
waviness for aluminium alloy workpiece at spindle speed of 500 rpm. The result 
illustrates that the surface waviness (Wa) slightly decreased when feed rate was 
increased from 0.001 to 0.01 mm/rev. The similar effect is also observed at the 
spindle speed of 1000 rpm when feed rate was increased from 0.0005 to 0.005 
mm/rev (Figure 80(b)). However, the surface waviness at 1000 rpm is found to be 
relatively higher because smaller feed may contribute to finer machining features. On 
the other hand, surface roughness (Ra) values of the aluminium alloy workpieces do 
not appear to be mirror surfaces for both cutting conditions (Figure 80(a) and 80(b)). 
The overall surface roughness is between 90 to 27 nm. Since the definition of Ra is the 















































Figure 78: Local displacement, global displacement and radial cutting force for face 
turning by implementing hybrid FTS system 
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arithmetic mean of surface height, Rz has been studied. It seems that the values of Rz 
are considerably high for all cutting conditions. One of the factors contributing to the 
surface roughness is the noise that produced from PSD signal. This explanation 
appears to be supported by result from Figure 79. The result implies that the hybrid 
FTS is moved according to the input signal from PSD and the noise of the signal 
which is due to the electronic and unexpected changes of ambient cannot be 
completely filtered. An alternative explanation would be the side flow for each pass 
especially for low feed rate during face turning. It is found that the side flow can be 
decreased with an increase in the cutting speed as shown in Figure 80(b) at feed rate 
of 0.005 mm/rev. This result is consistent with the work of Shaw [56]. Similarly, the 
surface roughness and surface waviness for brass workpiece are found to be overall 
same as aluminium alloy workpiece (Figure 81). Interestingly, the surface roughness 
of brass workpiece is slightly lower than aluminium alloy workpiece. This implies the 
material properties may directly affect the surface quality as well.  





































Figure 79: Local displacement and global displacement when not implementing 
hybrid FTS system 
































































Figure 80: Surface roughness and surface waviness for aluminium alloy material at 
different feed rate at spindle speed of (a) 500 rpm, and (b) 1000 rpm 
































































Figure 81: Surface roughness and surface waviness for brass material at different feed 
rate at spindle speed of (a) 500 rpm, and (b) 1000 rpm 
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The AFM images of the machined surface are shown in Figure 82. Figure 82(a) is the 
surface obtained without implementing the hybrid FTS system, while Figure 82(b) 
shows the surface with the implementation of the hybrid FTS system. The surface 
height in Figure 82(a) is corresponding to the feed rate and appears to be smooth 
surface. However, the surface with the implementation of the hybrid FTS system 
seems to be rougher and peaks are found (Figure 82(b)). This is an evidence that the 












Figure 82: AFM image of face turning (a) without, and (b) with waviness error 
compensation 
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5.5.3 Square Wave-Surface  
In order to investigate the machining performance of the hybrid FTS system, a pulse-
type waveform with 0.5 µm amplitude and 0.1 mm wavelength was machined on the 
aluminium alloy workpiece. Figure 83 shows the effect of radial cutting force and the 
surface roughness of the machined surface with the hybrid FTS system 
implementation. Obviously, it was found that the waveform profile of the machined 
surface is almost identical to the generated signal from the hybrid FTS system. This 
phenomenon can be adequately explained by robustness of the control system and 
good tracking performance of the hybrid FTS system during turning process. It can be 
observed that the surface roughness of the machined surface is approximately 10 nm 
which is considered as a great achievement of this study.  
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From the result, it can be seen that the radial cutting force is increased when the tool 
tip of the hybrid FTS system moved to the peak of the waveform amplitude, and vice 
versa. Also, it can be observed that the overall magnitude of radial cutting force is 
slightly decreased between the cutting distances from 0 to 2 mm. This might have 
happened because the X-axis translational slide is tilted in certain angle and causes the 
inaccuracy of the machined surface. Measurement of the radial cutting force is able to 
reflect the actual machining phenomenon. A photograph of the aluminium alloy 
surface after machining is shown in Figure 84 where a mirror surface with micro 
waveform can be clearly observed. 
 
5.6 Concluding Remarks 
The second prototype, hybrid FTS system is not only used to compensate the 
waviness error on the translational slide, but also to perform nanometric and non-
axisymmetrical surface machining on-line. The results show that the assembled 
hybrid FTS with the new flexure mechanism was able to achieve an effective stroke 




Figure 84: Photograph of square-wave machined surface 
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mechanism efficiently works as a linear guide system for the transfer mechanism of a 
piezoelectric actuator and also as a decoupling device for a miniature force 
transducer. The results demonstrated that the hybrid FTS system not only dynamically 
moves the cutting tool in nanometric depth of cut, but also simultaneously measures 
the radial cutting force on-line. By implementing the digital closed-loop control 
system, the hybrid FTS system has successfully achieved a sufficient dynamic 
response of up to 120 Hz which is sufficient for machining the non-axisymmetrical 
surfaces. 
Utilization of the force transducer for radial cutting force measurement has provided a 
new benchmark for the FTS system development. The force transducer is small in 
size, has high resolution and stable to the environment. It can perfectly work in stable 
condition and is capable of measuring the radial cutting force effectively in micro-
Newton scale during the face turning process.  
The dual-sensor control system implemented in the hybrid FTS system was more 
robust to achieve better tracking performance during face turning. The surface 
waviness was significantly reduced and concurrently the micro-features were 
machined using the hybrid FTS system effectively. The hybrid FTS system is found to 
be able to machine the commanded waveform profile accurately and with a surface 
roughness of approximately 10 nm. The experimental results demonstrated that the 
surface roughness is mainly affected by the tool geometry, machining condition and 
the noise-to-signal ratio from the PSD output. 
Control architecture for integration of the hybrid FTS system and the miniature ultra-
precision lathe is possible to be implemented, which provides a fully automated 
system by integrating the UMAC motion controller. Therefore, in the following 
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chapter the integrated system and the ability of machining micro-feature as well as 
non-axisymmetrical surface on the workpiece will be discussed in detail. 
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CHAPTER 6 
SURFACE CHARACTERIZATION FOR 
MICRO-FEATURES 
The developed hybrid FTS system is capable of machining micro-features and non-
axisymmetrical surfaces by generating small motion synchronized to the spindle and 
feed rate motions. Typically, the hybrid FTS system is independent of the machine 
axes, and requires an interface to achieve this synchronization. Thereby, this chapter 
discusses the new interface technique which has replaced the integrated system 
technique used in the past. The micro-features and non-axisymmetrical surfaces are 
machined by the developed hybrid FTS system, and are verified by comparing the 
generated signal and the machined surface profile.  
6.1 Implementation of FTS System on Machine Tool 
In the literature, generation of the micro-feature and non-axisymmetrical reference 
signal required access to the rotary encoder for spindle and the linear encoder for 
translational slide. The technique for obtaining the encoder signals always become an 
obstacle to the integration for the FTS system and the machine tool. Due to this 
context, a single controller is utilized in this system instead of using two parallel 
controllers. As mentioned in Chapter 3, the motion controller called UMAC Turbo 
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system of the miniature ultra-precision lathe has been employed together with the 
hybrid FTS system which is shown in Figure 85. All the axes (X-, Z-, C-, and W-axis) 
can be controlled to move to a particular position simultaneously. Thus, the hybrid 
FTS can be controlled to move without triggering the rotary encoder and linear 
encoder from the machine tool. At the same time, the surface generation algorithm 
can also be simplified. The drawback of the integrated technique that is requires a 
huge structural change in the machine tool controller and setting, on the contrary it 
can minimize the delay of the axes movement and increase the production.  
Figure 86 shows the flow chart of the procedure of surface generation for the hybrid 
FTS system. In the general case, the cutting condition parameters such as constant 
feedrate (f), constant spindle speed (s), cutting tool radius (r), workpiece diameter (D), 
and angular position (θ) are required to determine coordinate (X, Y) on the surface. 
 
 
Figure 85: Schematic diagram of the integration of the hybrid FTS system and 
miniature ultra-precision lathe 
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Then, user needs to define the surface profile required and the coordinate data of the 
hybrid FTS system is determined from the specific surface functions. The surface 
function can be divided into two main categories; axisymmetrical and non-
axisymmetrical surfaces which will be discussed in Section 6.2. The surface data 
generation is carried out using the MatLab software. Three main positions command 
such as X, C, and W are generated and converted as PMAC file. The PMAC file is a 
document that can only be read by the Pewin32 Pro software (Appendix F Figure 113) 
from UMAC. Subsequently, the command is executed by the Turbo PMAC2 3U 
CPU. In order to achieve the high speed data transfer, rotary motion program buffers 
that are available in the UMAC system are operated when machining micro-features 
and non-axisymmetrical surface via an interface (Appendix F Figure 114). Before 
executing the generated command, the programmer can still edit the cutting condition 
or the surface profile and regenerate the command.  
In this study, the command W is referred to the reference input of the hybrid FTS 
system. The control algorithm is then executed in the system, and subsequently, the 
signal is sent to the high voltage amplifier intended to drive the piezoelectric actuator 
to move in the desired displacement. As discussed in Section 3.1, it is an advantage 
that the air bearing spindle can be controlled to move in particular position (C) or 
particular angle (θ). Therefore, the command of all axes can be executed in the same 
line without time delay. However, the crucial part of the integrated system is to ensure 
the synchronized movement of the tool tip of hybrid FTS relative to the workpiece 
surface coordinate. Due to this circumstance, an absolute system, a dimension with 
respect to a common datum chosen by the programmer, has been implemented in the 
motion programming. It is proved that the tracking trajectory of the absolute system is 
better compared to the relative system. 






Figure 86: Flow chart of the surface data generation for integration of the hybrid FTS 
system and the machine tool 
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6.2 Micro-features Surface Generation 
Two types of surfaces have been investigated in the implementation of the hybrid FTS 
system; these are axisymmetrical and non-axisymmetrical surfaces. For ease of 
processing, both types of surfaces are considered for surface generation algorithm in 
this study. Several nomenclatures need to be clarified in the surface generation; W is 
the radial feed position of the hybrid FTS, f is the axial feed position of X-axis, and θ 
is the angular position of the spindle. While the main axes of the surface generation 
are X-, Y-, Z-, and C-axis which are referred to the three translational motions and one 
angular motion for the air bearing spindle. Figure 87 indicates the coordinate system 
of the surface generation when implementing the hybrid FTS system on the machine 
tool. After the cutting condition parameters have been assigned, the Cartesian 
coordinates X and y can be calculated according to the following equations: 
θcospRX =  (63) 
θsinpRY =  (64) 
 
 
Figure 87: Coordinate system of workpiece when implementing the hybrid FTS 
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where Rp is the radius of the point P and point P is depended on axial feed, spindle 
revolution, and resolution of the angular position that have been set. In the general 
basis, the displacement of the hybrid FTS (W) is defined as the function of X and θ. 
For workpiece with an axisymmetrical wave surface, the tool nose radius 
compensation becomes insignificant. The displacement command signal used to 
generate the sine wave-, square wave- and saw-tooth wave-surface by Matlab function 
are provided as follows: 
Sine-wave: ( )γsin⋅= AW  (65) 
Square-wave: ( )ratiosquareAW ,γ⋅=  (66) 
Saw-tooth wave: ( )widthsawtoothAW ,γ⋅=  (67) 
where A is the amplitude, ratio is the specific duty cycle, width is the width of the 






where λ is the wavelength. Figure 88 shows the algorithm of the axisymmetrical 
surface generation. The X and Y data were generated in the main program. Those data 
were used to determine the W data and then sent out to the main program again.  
For machining workpiece with a non-axisymmetrical wave surface, only square 
surfaces are considered in this study. Therefore, the tool nose radius compensation 
becomes insignificant in this case. Figure 89 indicates the coordinate system of the 
square surface generation when using the hybrid FTS system. For common analysis, 
the four-square-surface has been considered. The square surface can be set with 
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different length, width, and height by changing the variable a, b and h, respectively. 
The program algorithm of the square surface is run based on the boundary basis. The 









ifhW i  (69) 
where the area that greater than a and b are assumed to be zero. Figure 90 shows the 
algorithm of the square surface generation. Similar to the axisymmetrical surface 
algorithm, the X and Y data were generated from the main program, and were used to 
determine the W data. When machining the square surface, it is essential to adjust the 
diamond tool tip to be accurately located at the center of the workpiece. If tool 
centering error is occurred at both directions (X and Y) of the workpiece, the square 




Figure 88: Flow chart of axisymmetrical surface data generation 
 








Figure 90: Flow chart of square surface generation 
 Chapter 6  Surface Characterization for Micro-features 
 135
6.3 Surface Characterizations 
6.3.1 Hybrid FTS Tracking Analysis 
Figure 91 demonstrates the simulated signals of reference surface profile, waviness 
error and the hybrid FTS displacement after implementing the integration of hybrid 
FTS system on miniature ultra-precision lathe. By assuming the tool nose radius is 
sharp, the superimposed signal of square wave and waviness error from PSD can 
produced clean signal and good tracking response. However, practically, the noise 
signal from electronic and environment may directly affect the PSD signal and cause 
an increase in the hybrid FTS tracking frequency. It is essential to control the PSD 
signal by adding the low pass filter with the cutoff frequency of 0.5 Hz to the PSD 
signal processing circuit (refer to Appendix E Figure 109). The preliminary result 
showed the signal-to-noise ratio of PSD signal is reduced, but it cannot be entirely 
removed. This provides clear evidence that minor changing in the environment may 
 




































Figure 91: Simulated signals for reference, waviness error from PSD and actual 
displacement of the hybrid FTS 
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significant influence the PSD signal.  
On the other hand, empirical verification has been done by commanding displacement 
for the sine wave-, square wave-, and saw-tooth wave-surface as the reference signal 
to the hybrid FTS system. Figure 92 shows the output of the local displacement 
(capacitance sensor) and global displacement (PSD) before superimposing them. It is 
clearly observed that local displacement smoothly moves according to the reference 
signal, while the global displacement is high in signal-to-noise ratio. Also, the similar 
results can be found in square wave- and saw-tooth wave-surface (Figure 93 and 94). 
The global displacement results illustrate the waviness error of the X-axis translational 
slide with 0.5 µm peak-to-valley and 1 mm wavelength. It seems that the waviness 
error is not repeatable when the radial cutting force is imposed upon the tool tip of the 
hybrid FTS system during machining.  















































Figure 92: Sine wave-surface signals generation 
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For the non-axisymmetrical surface, the reference signal of square-surface has been 
considered. Figure 95 indicates the square-surface of the local displacement 
(capacitance sensor) and global displacement (PSD) for sampling time of 0.2 seconds. 
It is common to understand that machining the non-axisymmetrical surface, the local 
displacement play an important role in rapidly moving the cutting tool tip in the 
















































Figure 93: Square wave-surface signals generation 

















































Figure 94: Saw-tooth wave-surface signals generation 
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desired profile. Consequently, the signal-to-noise ratio from the PSD might become 
more significant and directly influence the overall hybrid FTS tracking performance.  
In order to investigate the effectiveness of hybrid FTS system in compensating the 
waviness error, the vital work is to superimpose the local displacement signal and the 
global displacement signal in real time. The actual local displacement of the sine 
wave-surface reflects the displacement of tool tip relative to workpiece surface during 
machining process (Figure 92). The result demonstrates the major waviness is the 
reverse signal of the slide waviness error while the signal-to-noise ratio is remaining 
in the local displacement. The similar results can be observed from square- and saw-
tooth wave-surface (Figure 94 and Figure 95, respectively). Nevertheless, the local 
displacement signal of saw-tooth wave-surface does not accurately reflect the required 
profile because the configuration of the saw-tooth wave is same as the waviness error. 
In addition, the local displacement of the four-square-surface can be observed that the 
signal-to-noise ratio level is significant. The effect of signal-to-noise ratio can be 
















































Figure 95: Four squares-surface signal generation for sampling time of 0.2 second 
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attributed to the disturbance during the machining process such as the involved 
cutting force and sensitivity to the changing of ambient condition. 
6.3.2 Radial Cutting Force Analysis 
A model of the force elements in nano-machining is shown in Figure 96 [24]. The 
four components comprise of two pairs of normal and tangential force systems. One 
set of force Ftcut and Frcut can be associated with the rake angle. The other set Ftres 
and Frres acts at the tool edge. In summary, the tangential cutting force Ftangential in the 
Y direction and the radial cutting force Fradial in the Z direction can be derived as: 
rescutgetial FtFtF +=tan  (70) 
rescutradial FrFrF +=  (71) 
Generally, the cutting direction force is normal to the rake face of a 0° rake angle tool. 
The force tangent to the rake face can be approximated as the normal force multiplied 
by a friction coefficient, µ [64]. Therefore, the relationship between forces in the 
 
 
Figure 96: Force component diagram of nano-machining 
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direction of Y and Z can be derived as: 
zy FF µ=  (72) 
Where Fy and Fz are the force in Y- and Z-direction, respectively. By considering 
Equation (59), the governing equations of the tangential cutting force Ftangential and the 
radial cutting force Fradial can be expressed by: 
rescutgetial FrFtF 1tan µ+=  (73) 
rescutradial FrFtF += 2µ  (74) 
where µ1 and µ2 are the friction coefficients. Since new tools were used throughout 
the experiment, the effect of the residual forces is assumed to be no existent in this 
analysis. Hence, the equations an be obtained as follow: 
cutgetial FtF =tan  (75) 
cutradial FtF 2µ=  (76) 
Equating the both equations above, the relationship between the tangential cutting 
force and radial cutting force can be calculated as: 
gentialradial FF tanµ=  (77) 
Ultimately, from the result obtained by Schrama and Franse [65], the relationships of 
the radial and tangential forces can be written as: 
gentialradial FF tan0.1≈  (78) 
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By taking into account the assumptions that have been made, the radial cutting force 
measured in the hybrid FTS system is also considered as the tangential cutting force 
in the nano-machining. The output of force transducer has been recorded using the 
Sony signal recorder. Subsequently, as discussed in previous chapter that the radial 
cutting force measurement is the objective of this study and the calibration has been 
done in order to obtain the actual radial cutting force. Hence, Equation (49) provides 
the basis for determining the radial cutting force. Different kinds of surfaces at the 
cutting condition shows in Table 8 have been investigated. 
Figure 97 shows the radial cutting force in machining for sine wave-, square wave-, 
and saw-tooth wave-surface. From the figure it can be observed that the integrated 
control system is robust under varying force disturbance as the tool position follows 
the desired input. It can be seen that the trend of radial cutting force for all the 
surfaces followed the desired displacement. For the sine wave-surface, the overall 
peak-to-valley range from 0 to 50 mN which is relative to 2 µm (Figure 97(a)). The 
peak-to-valley for square wave-surface is approximately from 0 to 25 mN which is 
relative to 1 µm (Figure 97(b)), while for saw-tooth wave-surface is approximately to 
30 mN (Figure 97(c)). Also, it can be observed that the overall magnitude of radial 
cutting force for those surfaces is gradually decreased when machining from the 
center to the edge of the workpiece diameter. This might have happened because the 
straightness errors of the X-axis translational slide (as discussed in Chapter 4) cannot 
be compensated by the FTS. The error is believed to be due to the insufficient (8 µm) 
of stroke of the developed FTS. Therefore, it has caused the inaccuracy of the 
machined surface and need to be solved in the future research.  
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Figure 97: Radial cutting force for (a) sine wave-surface, (b) square wave-surface, 
and (c) saw-tooth wave-surface 
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Since the cutting forces are thought to be the function of the cutting depth, the 
relationship between the radial cutting force and the depth of cut has been determined. 
Figure 98 shows the radial cutting force is gradually increasing with the increase of 
the sine wave depth of cut from the hybrid FTS system. The governing equation of the 
prediction force is:  
1765.502924.318486.4 2 +−= zzFradial  (79) 
where z is the depth of cut of the hybrid FTS system. Eventually, this function is not a 
general force model for the hybrid FTS system. The coefficient which is related to 
different cutting conditions should be included in this force model.  
For the non-axisymmetrical surface, the radial cutting force for four squares-surface is 
shown in Figure 99. The result demonstrates the radial cutting force for this surface 
followed the trend of desired displacement. The peak-to-valley of the radial cutting 
force is approximately 40 mN which is relative to 2 µm displacement. For the small 























Figure 98: Relationship between the radial cutting force and depth of cut 
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displacement at 1 µm, the radial cutting force is not significant and it seems to be 
affected by noise. During the non-axisymmetrical cutting, the tool tip is actuating in 
different displacement at high frequency. Therefore, it is possible to speculate that the 
force transducer that employed in the hybrid FTS system is still not able to detect the 
small force at high frequency.  
 
6.3.3 Micro-features Structural Analysis 
The machined surfaces are analyzed and measured by a stylus-type surface 
measurement instrument from Mitutoyo. Analysis of the machined surface profile is 
the focus in this stage. Figure 100 shows the surface profile of the axisymmetrical 
surfaces (sine wave-, square wave-, and saw-tooth wave-surface) during machining 
with the hybrid FTS system. The results suggest that the achieved surface profiles 
indicate that the commanded displacement to the hybrid FTS system control is 
accurately reflected in the surface form, and the tool motion is smooth during 






















Figure 99: Radial cutting force for four squares-surface 
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machining. These unfiltered profiles are found to include the effects of waviness error 
and surface roughness which are attributed to the machine tool and chip removal 
process, respectively. Overall, the mean of surface roughness of the machined 
surfaces are less than 30 nm. These surface roughness values are considerably good 
for a miniature ultra-precision lathe. It also indicates strict micro-features surface 
tolerances that can be obtained at depth of cut as low as 8 µm delivered by the hybrid 
FTS system. 
Another interpretation of these results is that the height of machined surface profile is 
found to be less than the commanded surface profile. The reduction of the achieved 
surface profile could be due to the bending effect of tool holder on the flexure 
structure (refer to Figure 51). This effect may cause the tool tip to slide upward and 
indirectly reduced the local displacement in Z-direction.  
Figure 101 shows the four squares-surface surface profiles for the implementation 
without and with hybrid FTS system, for the brass workpiece. The surface waviness 
where hybrid FTS is not implemented is significant (Figure 101(a)). However, the 
result shows a significant reduction in surface waviness when the hybrid FTS system 
is implemented (Figure 101(b)). One interpretation is that with the implementation of 
the hybrid FTS system the surface roughness increased while without the 
implementation of the hybrid FTS system the surface is relatively smooth. This 
explanation appears to be supported by the influence of PSD signals that cause the 
output signal noise increased. As discussed in previous section, the unfiltered signal is 
directly superimposed on the reference signal and controlled in the system for 
minimum tracking error. An alternative explanation could be the slow feed rate and 
spindle speed attributed to higher cutting force which directly affect the roughness.  
 Chapter 6  Surface Characterization for Micro-features 
 146








































































Figure 100: Machined surface profile for (a) sine wave-surface, (b) square wave-
surface, and (c) saw-tooth wave-surface 

























































Figure 101: Machined surface profile for four squares-surface for (a) without, and (b) 
with waviness error compensation 
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The detail of the machined surface can be found in the atomic force microscopy 
(AFM) image as shown in Figure 102. It can be seen that without the implementation 
of the hybrid FTS (Figure 102(a)) the surface is smoother than the surface with hybrid 
FTS (Figure 102(b)). Eventually, the result provides clear evidence that the FTS 
system can efficiently compensate the surface waviness and machine the non-
axisymmetrical surface. Figure 103 shows the photograph of the four squares-surface 









Figure 102: AFM image for square surface (a) without, and (b) with waviness 
compensation 
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6.4 Concluding Remarks 
A new concept of integrated system for the hybrid FTS system on a miniature ultra-
precision lathe has been presented. The developed integrated system has established 
new controllability by implementing only one motion controller in the system. This 
technique has been found feasible for synchronization of motion of the machine tool 
axes and the hybrid FTS system. The integrated system has successfully provided the 
synchronization motion and found to be capable of machining micro-features and 
non-axisymmetrical surfaces. 
The force measurement system that especially designed for the hybrid FTS system has 
been used to sense the radial cutting force during micro-feature and non-
axisymmetrical machining. The results have demonstrated that the measured radial 
cutting force for the dynamic machining is similar as in the literature. Eventually, the 
radial cutting force that has been measured was precisely reflected in the actual 





Figure 103: Photographs of machined square-surface (a) without, and (b) with 
waviness error compensation 
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surfaces have been successfully machined with the repeatable motion from the hybrid 
FTS system and the machine tool. The waviness error that has been compensated is 
the major factor in affecting the surface accuracy of the non-axisymmetrical surface. 
Overall, the surface roughness of the machined workpiece was found to be less than 
30 nm. This surface roughness still can be improved by considering some factors 
which directly affect the generated signal and cutting mechanism. For instance, the 
signal-to-noise ratio by the PSD can be minimized by adding the lowest cutoff 
frequency low pass-filter, and also include the waviness error prediction to compare 
the filtered signal.  
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CHAPTER 7 
CONCLUSIONS AND FUTURE RESEARCH 
7.1 Main Contributions 
The main objective of this research was the development of two innovative 
piezoelectric-based FTS systems (FTS system and hybrid FTS system), and an 
integrated system for machining micro-features and non-axisymmetrical surfaces. The 
FTS system was developed and installed on the miniature ultra-precision lathe for 
compensating the machining error on-line. While the hybrid FTS system was 
developed and integrated onto the miniature ultra-precision lathe for error 
compensating and machining the micro-features and non-axisymmetrical surfaces on 
small-sized workpieces as well. From this research, following conclusions have been 
drawn: 
i. The developed Fine Tool Servo (FTS) system with the symmetrical notch type 
hinges flexure structure was able to achieve the effective stroke of 12 µm, the 
stiffness of 4.2896 N/µm, and the natural frequency of 25 Hz. The analogue PI 
closed-loop controller for the FTS system has successfully demonstrated the 
ability of disturbance rejection during machining process. The experimental 
results showed the straightness and waviness errors of the X-axis translational 
slide was completely compensated, there was approximately zero error. From 
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the machined surface measurement, it can be concluded that the FTS has 
successfully compensated the average waviness on the workpiece. Due to the 
imperfect cutting conditions, the surface roughness of the machined workpieces 
did not show any significant improvement. 
ii. For the FTS system, utilization of a Position Sensitivity Detector (PSD) as a 
global position error measurement has provided a new benchmark for a small-
sized tool servo design. The PSD was a cost effective device which can 
precisely measure the smallest deviation of 0.2 µm and the performance is 
comparable to that of a high cost and bulky laser interferometer. The PSD was 
detecting an emitted laser light and measuring the position change of laser light. 
By aligning the laser light parallel to the translational slide, the PSD was 
capable to measure the entire straightness error profile of the X-axis translational 
slide on miniature ultra precision lathe effectively.  
iii. The second prototype, Hybrid Fine Tool Servo (Hybrid FTS) system with the 
new flexure mechanism was able to achieve the effective stroke of 8 µm, the 
stiffness of 7.1813 N/µm, and the natural frequency of 909.16 Hz. The flexure 
mechanism design is totally different from the design of FTS system that found 
in the literature. The result demonstrated that the hybrid FTS system not only 
dynamically moved the cutting tool in nanometric depth of cut, but also 
simultaneously measured the radial cutting force on-line. The hybrid FTS 
system which employs digital control system can achieve robustness that far 
exceeds the FTS system. After implementing a digital control system for the 
hybrid FTS system, the modified system was able to obtain the synchronization 
movement of the spindle speed and the feed rate for frequency up to 120 Hz. For 
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the closed-loop control performance of the hybrid FTS system, the results 
showed that the digital controller provides a feasible solution in terms of the 
flexibility in configuration and stable in environmental conditions. 
iv. The dual-sensor control system that implemented in the hybrid FTS system was 
more robust to achieve better tracking performance during face turning. The 
results showed that the surface waviness was significantly reduced and 
concurrently the micro-features were effectively machined by the hybrid FTS 
system. The hybrid FTS system was found to be able to machine the 
commanded waveform profile accurately and with a surface roughness of 
approximately 10 nm. The experimental results demonstrated that the surface 
roughness was mainly affected by the tool geometry, machining condition and 
the noise-to-signal ratio from the PSD output. 
v. In particular, the developed hybrid FTS system was suitable for compensating 
the errors of X-axis translational stage, and also for machining micro-features 
and non-axisymmetrical surface on small workpieces. An integrated system that 
developed for the hybrid FTS system and the miniature ultra-precision lathe has 
provided a novel solution for machining the micro features and non-
axisymmetrical surfaces accurately. The synchronization movement of the 
hybrid FTS tracking trajectories and the machine tool axes positioning showed 
less than 10 nm of following error. From the machining results, the non-
axisymmetrical surfaces have been successfully machined with the repeated 
motion for the hybrid FTS system and the machine tool. The waviness error that 
has been compensated was the major factor in affecting the surface accuracy of 
the non-axisymmetrical surface. Indeed, this achievement is capable of 
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enhancing the machine tool performance, and the research in machining 
different types of non-axisymmetrical surfaces ranging from ductile to brittle 
materials.  
vi. The new instrumentation of radial cutting force measurement for the hybrid FTS 
system has proven the effectiveness of measuring the micro-Newton force 
during nano-machining process. The results demonstrated the measured radial 
cutting force was reflecting the actual machining phenomenon and the machined 
surface quality. The results have demonstrated that the measured radial cutting 
force for the dynamic machining is similar to that found in the literature. The 
radial cutting force could lead to further development in the closed-loop control 
system of the hybrid FTS.  
7.2 Future Research 
There are several possible directions for future work in the FTS system research. 
Generally, the directions range from the direct extension from this study to the 
possible application in the related research. 
i. The finding does not demonstrate any significant improvement related to the 
surface roughness obtained with the implementation of the FTS systems. 
Therefore, for the developed FTS systems (ordinary- and hybrid-FTS), one of 
the future works is to modify the PSD driver circuit. Measuring a small 
deviation of displacement by using the PSD required a high precision circuit 
board design and also an enclosed environment, but in our case only a shroud 
and high performance operational amplifiers were used. Thus, results of the PSD 
measurement signal indicated that fluctuation within 50 nm was found in a static 
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condition which is possibly due to the environment effect. Therefore, the 
electronic design should be taken into account; more specifically, the PSD 
circuit should be modified to fulfill the higher precision requirement. Since the 
mechanical problem of the PSD is the secondary factor of the PSD measurement 
signal, the setup of the laser diode should be changed to a more rigid structure, 
and shorten the distance between the laser diode and the PSD in order to 
minimize the drift and ambient influence.  
ii. The closed-loop control of the hybrid FTS system needs to be modified in order 
to achieve higher bandwidth. Since the control system is in discrete form (digital 
controller), the open-loop frequency response can be used as a basis for 
developing the control law for the hybrid FTS system. Otherwise, the control 
architecture can be improved to a more robust controller by considering the 
measured radial cutting force which is considered as the disturbance force in this 
system.  
iii. Dynamic machining mechanism is needed to determine the critical depth of cut 
and tool geometry when the FTS system is implemented. Analysis of FTS 
machining mechanism is a new topic and may require a multi-disciplinary 
approach. Thus, the machining results that are obtained from this study would 
be a stepping-stone for this new work in the future. 
iv. On-machine surface profile measurement is one of the techniques which is 
additional but needed in enhancing the performance of the miniature ultra-
precision lathe. However, it is recommended to develop and install the surface 
profile measurement system on the machine tool. A non-contact sensor, for 
instance, the inductance sensors with signal processing system can be employed 
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to measure and analyze the entire machined surface on-machine. Better 
understanding the machined surface may help to produce the ultra precision 
parts more efficiently. This technique would be considered a new research in 
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Figure 104: Simulation results for flexure hinges design (a) radius, (b) thickness 
 Radius (mm) Thickness (mm) 
 Appendix A 
 165






Figure 105: Engineering drawing of the assembly view of FTS 
 Appendix B 
 166
















Figure 106: Schematic diagram of high voltage amplifier for FTS 

















Figure 107: Schematic diagram of position sensitivity detector for FTS 
 
 
Figure 108: Schematic diagram of PI controller for FTS 





























Figure 110: High voltage amplifier for piezoelectric actuator 
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APPENDIX D: EXPERIMENTAL DATA FOR 
FTS 
 










0.25 2.453 4.48 4.585 
0.5 4.905 9.675 10.025 
0.75 7.358 14.81 15.15 
1 9.81 19.95 19.8 





















0 0 0 0 0 0 0 
10 1.027 1.632 0.98 1.506 0.901 1.603 
20 2.008 3.12 1.913 2.963 1.849 2.963 
30 3.315 4.56 3.22 4.42 3.271 4.323 
40 4.482 5.472 4.387 5.78 4.456 5.634 
50 5.606 7.104 5.647 6.994 5.641 7.14 
60 6.913 8.208 7.094 8.208 6.969 8.208 
70 8.407 9.36 8.308 9.325 8.344 9.281 
80 9.574 10.272 9.568 10.252 9.624 10.252 
90 10.741 11.232 10.735 11.223 10.809 11.175 







 Appendix D 
 170
APPENDIX E: ENGINEERING DRAWINGS 





Figure 111: Engineering drawing of assembly view of the hybrid FTS 


































































Figure 112: Simulated stiffness for hinge design parameter at different (a) radius, (b) 
thickness, and (C) width 
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Figure 113: Schematic diagram of position sensitivity detector for hybrid FTS 
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Figure 114: Pewin32Pro User interface of UMAC 
 
 
Figure 115: User interface for rotary buffer execution in UMAC 
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APPENDIX H: EXPERIMENTAL DATA FOR 
HYBRID FTS 










0 0 -0.0125 0.0025 
2.5 24.525 0.251 0.2883 
5 49.05 0.5365 0.6223 
7.5 73.575 0.8365 0.943 
10 98.1 1.166 1.2565 
12.5 122.625 1.5015 1.598 
15 147.15 1.8378 1.9443 
17.5 171.675 2.1953 2.3053 
20 196.2 2.5555 2.6575 
22.5 220.725 2.8925 2.9888 
25 245.25 3.265 3.3248 












6.01 0.638 0.643 
10 0.624 0.692 
20 0.659 0.782 
50 0.796 1.066 
100 1.06 1.567 
200 1.652 2.556 
350 2.678 3.904 
500 3.865 5.108 
600 4.691 5.827 
700 5.53 6.466 
800 6.369 7.039 
900 7.176 7.543 
1000 7.964 7.964 
 
 












0 0.01 0.04 
0.4 0.45 0.51 
0.48 0.53 0.6 
0.56 0.61 0.69 
0.64 0.69 0.76 
0.72 0.76 0.84 
0.88 0.92 0.98 
1.04 1.07 1.12 

















23.1 4 4 4 
24 2 3 3 
25 2 1 2 
26 1 0 2 
27 0 -2 1 
28 -1 -4 0 
29 -4 -5 -1 
30 -5 -6 -2 
31 -6 -8 -4 
32 -7 -11 -7 
33 -8 -14 -9 





























0.001 0.1372 0.0473 0.378 0.1293 
0.004 0.1221 0.0791 0.8903 0.1176 
0.01 0.1022 0.0568 0.3094 0.1 
0.0005 0.224 0.166 1.2315 0.2091 
0.002 0.2074 0.1535 1.6023 0.217 

















0.001 0.0896 0.0661 0.5985 0.087 
0.004 0.0732 0.0481 0.8903 0.0723 
0.01 0.1191 0.052 0.3866 0.1141 
0.0005 0.0947 0.0942 0.777 0.088 
0.002 0.2191 0.1154 1.6023 0.5796 
0.005 0.0666 0.027 0.1896 0.0639 











Brass with error 
compensation 
0.1069 0.0647 
Brass without error 
compensation 
0.2138 0.1971 
Aluminium with error 
compensation 
0.1626 0.1536 
Aluminium without error 
compensation 
0.4484 0.4408 
 
 
 
 
